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Cellular senescence is an essentially irreversible growth
arrest that occurs in response to various cellular stres-
sors and may contribute to development of type 2
diabetes mellitus and nonalcoholic fatty liver disease
(NAFLD). In this article, we investigated whether chroni-
cally elevated insulin levels are associated with cellular
senescence in the human liver. In 107 individuals under-
going bariatric surgery, hepatic senescence markers
were assessed by immunohistochemistry as well as
transcriptomics. A subset of 180 participants from the
ongoing Finnish Kuopio OBesity Surgery (KOBS) study
was used as validation cohort. We found plasma insulin
to be highly associated with various markers of cellular
senescence in liver tissue. The liver transcriptome of in-
dividuals with high insulin revealed significant upregula-
tion of several genes associated with senescence: p21,
TGFB, PI3K, HLA-G, IL8, p38, Ras, and E2F. Insulin asso-
ciated with hepatic senescence independently of NAFLD

and plasma glucose. By using transcriptomic data from
the KOBS study, we could validate the association of in-
sulin with p21 in the liver. Our results support a potential
role for hyperinsulinemia in induction of cellular senes-
cence in the liver. These findings suggest possible bene-
fits of lowering insulin levels in obese individuals with
insulin resistance.

Cellular senescence is one of the hallmarks of aging (1). It
is defined as a stable arrest of the cell cycle coupled to
specific phenotypic changes (1). Senescent cells can se-
crete a collection of proteins and other factors, termed
the senescence-associated secretory phenotype (SASP)
(2,3). It is now generally accepted that cellular senescence
contributes to aging phenotypes, and accumulating evi-
dence shows that senescence is associated with age-re-
lated diseases, such as type 2 diabetes mellitus (T2DM)
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and nonalcoholic fatty liver disease (NAFLD) (4-6). Al-
though causality is yet to be established in humans, cur-
rent evidence suggests that targeting of senescent cells
has novel treatment potential for the treatment of several
age-related diseases, including T2DM and NAFLD (7,8).

In search of mechanisms that drive cellular senescence,
the focus has been on factors associated with insulin re-
sistance, such as chronic inflammation and elevated glu-
cose and lipid levels (9). Although studies investigating
the role of insulin itself in the development of cellular se-
nescence are scarce, a causal role in inducing cellular se-
nescence in adipose tissue was recently established (10).
Since hyperinsulinemia is one of the shared key features
of aging, obesity, T2DM, and NAFLD (11-13), we hypoth-
esized that chronically elevated insulin levels may be asso-
ciated with cellular senescence in liver tissue in humans,
independent of NAFLD.

In this study, we investigated the relationship between
plasma insulin levels and markers of senescence in a co-
hort of obese patients scheduled for bariatric surgery. The
main results were validated in an independent cohort.

RESEARCH DESIGN AND METHODS

Participants were recruited from our bariatric surgery co-
hort as previously described (14). In brief, 107 individuals
underwent a complete metabolic workup prior to their
bariatric surgery procedure between September 2016 and
the end of 2018. Within 2 months before surgery, a 2
h mixed-meal test (MMT) was performed. The MMT con-
sisted of two Nutridrink compact 125 mL (Nutricia), in
total containing 23.3 g fat, 74.3 g carbohydrates, and
24.0 g protein. Blood samples were drawn at baseline and
then 10, 20, 30, 60, 90, and 120 min after ingestion of
Nutridrink. In a subset of 23 individuals, samples from
both portal and peripheral venous blood were drawn on
the day of surgery. All samples were stored at —80°C until
further processing. The study was performed in accordance
with the Declaration of Helsinki and approved by the local
Ethics Committee (approval code NL55755.018.15). All
participants provided written informed consent.

Diabetes Definitions

Normal glucose tolerance and prediabetes definitions were
in accordance with the American Diabetes Association
(ADA) criteria (15). T2DM was defined as individuals who
fulfilled the ADA criteria for diabetes, were treated with
glucose-lowering agents, and/or had a history of T2DM.

Liver Biopsies and Histology

Biopsies were taken from segment three or five of the
liver. All biopsies were snap-frozen in liquid nitrogen and
stored at —80°C. Paraffin-embedded histological sections
were stained with hematoxylin-eosin and Sirius red and
scored according to the Steatosis, Activity, and Fibrosis
score (16) by the Dutch Liver Pathology Panel. NAFLD
was categorized into NAFL when steatosis was present in
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>5% of hepatocytes alone or with mild inflammation but
without ballooning or nonalcoholic steatohepatitis (NASH)
when steatosis was present in >5% of hepatocytes and if
ballooning and inflammation were both present in the bi-
opsy. p21, BCL-2, and p53 immunohistochemistry was per-
formed on formalin-fixed sections using mouse anti-p21
(18-0401 clone EA10; Zymed), Dako/M0887 clone 124
subclass IgGl, and Thermo Fisher Scientific/Ms 738-P
cone DO-7+BP53-12 subclass IgG2a/2b, respectively,
both with secondary staining with BenchMark ULTRA
(Ventana) as positive controls for p21 and p53 tonsil and
p53-positive tumor with overexpression (Supplementary
Fig. 1). Ten blinded, consecutive, nonoverlapping fields
were acquired at x400 original magnification and counted
manually.

Transcriptomics

RNA from the liver biopsies was extracted using the Tri-
Pure Isolation Reagent (Roche). The extracted RNA was
purified using RNeasy MinElute spin columns, and librar-
ies for RNA sequencing were prepared using a ribosomal
RNA depletion method and sequenced at Novogene. After
ribosomal RNA depletion, the RNA was fragmented using
fragmentation buffer. Double-stranded ¢DNA was then
synthesized using mRNA template and random hexamer
primers (for the first strand), followed by second-strand
synthesis buffer, deoxynucleotide triphosphates, RNase
H, and DNA polymerase I for the second strand. After a
series of terminal repair, A ligation, and sequencing adap-
tor ligation, the cDNA library was size-selected and PCR-
enriched. Library quality control was performed using
Qubit 2.0 (library concentration), Agilent 2100 (insert
size), and quantitative PCR (for precise effective library
concentration).

Validation Cohort

A subset of 180 participants with liver mRNA sequencing
data available from the ongoing Finnish Kuopio OBesity
Surgery (KOBS) study (17) was included in the validation
cohort. All participants provided informed consent, and
the study protocol was approved by the local ethics com-
mittee. Liver histology was evaluated by one experienced
liver pathologist, and the study population was divided
into those with normal liver, those with NAFLD, and
those with NASH, as described above for the discovery co-
hort. RNA sequencing of strand-specific Ribo-Zero librar-
ies was performed on the HiSeq 2500 (Illumina) with 50-
bp paired-end reads. The reads mapped to exons (GRCh38
assembly, release 29) were counted with the Rsubread
R package and normalized with the trimmed mean of
M-values method using edgeR. Normalized read counts
were converted to log2-counts-per-million. Expression
data were corrected for previously identified technical
cofactors (18).
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Statistics

Data are expressed as mean * SD for normally distributed
variables or as median (interquartile range) when distri-
butions were skewed. The normal distribution of continu-
ous variables was assessed using the Kolmogorov-Smirnov
method. To gain normality, variables with skewed distri-
bution were log transformed. When the distribution was
not normal, a Wilcoxon test was performed. For more
than two groups, a Kruskal-Wallis test was performed.
Correlation tests were performed using Pearson correla-
tion coefficient, and P values were calculated using the t
test when the distribution was normal and Spearman
rank-order correlation and P values via the asymptotic t
approximation when the distribution was not. Two-tailed
significance was set at 0.05. Regression analyses were per-
formed using multiple linear regression. For baseline vari-
ables, only participants with complete baseline variables
were included. For missing data in the MMT, missing val-
ues were imputed using predictive mean matching using
the MICE package (version 3.11.0). Transcriptomic data
were analyzed using the following methods: abundances
of transcripts were quantified using Kallisto. Counts were
normalized and differential expression calculated using
DESeq2. For analyses of senescence genes, subjects were
stratified into two groups of quintiles. These groups were
based on baseline insulin values. Differential expressions
were calculated between the highest and lowest quintiles.
Analysis of genes was limited to genes in the Kyoto Ency-
clopedia of Genes and Genomes (KEGG) senescence path-
way. P values of differentially expressed genes were
adjusted using the Benjamini and Hochberg method, and
significance for false discovery was set at P < 0.05.

Data and Resource Availability
Data and resources used are available upon request.

RESULTS

The recruited participants were stratified based on glucose
tolerance parameters according to ADA criteria (15).
Thirty-five individuals had normal glucose tolerance, 48
had prediabetes, while 24 had T2DM. The clinical charac-
teristics of the 107 individuals selected are summarized
in Supplementary Table 1.

Liver biopsies of 56 patients were available for histo-
logical analysis. The robust senescence biomarker p21
(cyclin-dependent kinase inhibitor 1A) was used as a first
screening marker: p21 protein levels were quantified by
immunohistochemistry (Fig. 1A-C). Next, we quantified
pS3 to ensure robustness of the hepatocytic senescence
signature (Fig. 1D-F). BCL-2 (antiapoptosis marker) was
also quantified (Supplementary Fig. 2). To assess insulin re-
sistance, we analyzed MMT data in which glucose, insulin,
and triglycerides were measured at seven time points. He-
patic p21 expression correlated significantly with glucose
area under the curve (AUC) (r = 0.33; P = 0.009), peripheral
insulin (r = 0.49; P < 0.001), and insulin AUC (r = 0.46;
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P < 0.001) during the MMT (Fig. 1G-I). In line with this,
BCL-2 significantly correlated with glucose AUC (r = 0.54;
P = 0.033), peripheral insulin (r = 0.58; P = 0.018), and in-
sulin AUC (r = 0.53; P = 0.036) (Supplemental Fig. 3). For
P53, a significant correlation was observed with peripheral
insulin (r = 0.52; P = 0.039) (Supplementary Fig. 3). Fast-
ing glucose did not correlate with BCL-2 or p53 expression.

Bearing in mind that the pancreas drains into the por-
tal vein, highest concentrations of insulin are likely to be
found in this blood compartment. In a subset of 23 indi-
viduals, we collected portal vein blood and observed a
strong correlation between p21l expression and insulin
levels in the portal vein (r = 0.74; P < 0.001) (Fig. 1J).

To further investigate the relationship between insulin
and hepatocytic senescence, we performed RNA sequenc-
ing in liver biopsies derived from the 107 individuals.
Transcriptomic analyses revealed differential expression
in senescence-related genes between groups stratified for
peripheral fasting insulin (Fig. 1K). The key cell cycle in-
hibitors CDKN1A (coding for p21) and MAPK11 as well as
genes encoding SASP factors, including TGFB1 and
CXCL8, were upregulated in the high insulin group. In ad-
dition, the transcription factors E2F1 and E2F3, which
control progression from the G; to S phase of the cell cy-
cle (19), were higher in the high insulin group.

Next, we investigated if cellular senescence is associ-
ated with NAFLD. According to the Steatosis, Activity,
and Fibrosis score, 22 individuals had no steatosis, 24
had NAFL, and 10 had NASH (Table 1). p21 protein ex-
pression was significantly higher in individuals with
NASH compared with NAFL and individuals without stea-
tosis (Fig. 24). According to the MMT data, fasting insulin
and insulin AUC increased with disease progression, sub-
stantiating that hepatic insulin resistance plays an impor-
tant role in NAFLD pathogenesis (Fig. 2B and C). This is
further demonstrated by the increased concentration of
plasma triglycerides in individuals with NAFL and NASH
(Fig. 2D), which may indicate a loss of suppression of apo-
lipoprotein B expression by insulin and hence increased
VLDL-triglyceride production (20). Interestingly, in pa-
tients with high portal vein insulin, increased expression
of p21 was observed, suggesting that insulin is associated
with senescence independent of NAFLD.

To further investigate interrelations among hyperinsuli-
nemia, senescence, and NAFLD, we performed regression
analysis. The regression model predicting p21 percentage,
using either fasting peripheral insulin or the NAFLD classi-
fication, had an adjusted R? of 018, F(1,58) = 14, P <
0.001 and 0.39, F(1,61) = 40, P < 0.001, respectively.
When using both insulin and NAFLD classification to pre-
dict p21 percentage, the adjusted R? was 0.45, F(2,57) =
24.8, P < 0.001, and both variables were significant predic-
tors, indicating that insulin, independently from NAFLD, is
associated with hepatocytic senescence. Neither fasting glu-
cose nor glucose AUC were significant predictors when
combined with fasting peripheral insulin and NAFLD.
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Figure 1—A-C: Representative images of immunohistochemistry staining of liver tissue with p21 with x100, x200, and x400 original mag-
nification, respectively. D-F: Representative images of immunohistochemistry staining of liver tissue with p53 with x100, x200, and x400
original magnification, respectively. G-J: Scatterplots depicting the percentage of p21 on the y-axis and, respectively, glucose AUC, pe-
ripheral fasting insulin, insulin AUC, and portal insulin on the x-axis. The blue line is the linear regression prediction line, gray is the 95% CI
of the regression, p is the Spearman correlation coefficient, and P value is the significance level. K: Volcano plot showing genes in the
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Table 1—Comparison among individuals with no steatosis, NAFL, and NASH
Variables No steatosis (n = 22) NAFL (n = 24) NASH (n = 10)
Sex (male/female) 3/19 10/14 2/8
Age (years) 43 (34-47) 49 (44-53) 51 (46-56)
BMI (kg/m?) 39 (37-43) 40 (37-42) 40 (39-43)
T2DM (%) 1(5) 5 (21) 3 (30)
Alkaline phosphatase (30-135 units/L) 88 (78-100) 79 (65-101) 72 (66-80)
v-GT (10-40 IU/L) 22 (18-26) 32 (24-48) 19 (16-37)
ALT (0-50 1U/L) 24 (19-31) 38 (25-50) 33 (24-49)
AST (0-35 IU/L) 23 (20-26) 26 (22-30) 28 (26-34)
Ferritin (24-336 pg/L) 99 (37-130) 144 (61-215) 126 (82-192)
FPG (<5.6 mmol/L) 5.3 (56.0-5.5) 5.6 (5.1-6.6) 5.8 (5.6-6.7)
HbA¢ (<5.6%) 5.7 (56.4-5.8) 5.8 (56.4-6.0) 6.0 (5.7-6.4)
HbA1¢ (mmol/mol) 39 (36-40) 40 (40-42) 42 (39-46.4)
Fasting insulin (18-48 pmol/L) 62 (48-81) 113 (71-141) 108 (82-155)
Total cholesterol (1.5-6.5 mmol/L) 4.7 (4.0-5.8) 4.8 (4.0-5.6) 5.1 (4.3-5.2)
Triglycerides (<1.7 mmol/L) 1.0 (0.8-1.4) 1.2 (1.0-1.7) 1.2 (1.0-1.3)

Data are expressed as median (interquartile range) and parentheses after variable name and depict units and, if applicable, refer-
ence values. FPG, fasting plasma glucose; y-GT, y-glutamyl transferase.

Adding insulin AUC to the model with NAFLD and fasting
peripheral insulin did not improve the R? or the Akaike in-
formation criterion.

To validate our findings, we analyzed data from 180 in-
dividuals from an independent cohort from whom clinical
data, liver histology, and liver transcriptomics data were
available (Supplementary Table 2). In line with outcomes
from our study, hepatic CDKN1A (p21) expression corre-
lated with insulin resistance and NAFLD in the KOBS
study (r = 0.38; P < 0.001) (Fig. 3). Moreover, stratifying
individuals from the validation cohort by insulin levels re-
vealed a strong cellular senescence signature, nine genes
in the KEGG senescence pathway showed increased ex-
pression (Fig. 3E). In addition, we used the same regres-
sion model and found that insulin was associated with
hepatocytic senescence independently of NAFLD. Predict-
ing CDKNIA using fasting peripheral insulin and NAFL
classification had an adjusted R? of 0.10, F(1,115) = 14
(P < 0.001) and 0.18, F(1,119) = 28 (P < 0.001), respec-
tively. The combined model had an adjusted R? of 0.22,
F(2,114) = 17 (P < 0.001), with both variables being sig-
nificant predictors, validating the findings in our other
cohort.

DISCUSSION

The major finding of this study is the strong association
between plasma insulin and the presence of senescence

markers in liver tissue derived from individuals undergo-
ing bariatric surgery, suggesting that insulin might play a
role in the induction of senescence.

Cellular senescence has been implicated in the develop-
ment of T2DM and NAFLD (21). It has long been consid-
ered to be a consequence and not the cause of hepatic
steatosis. However, studies in mice revealed a causal role
for cellular senescence in development of hepatic steatosis
(7,8). Removal of the senescent cells induced attenuation
of hepatic lipid accumulation. Indeed, our data show a
clear association between plasma insulin levels and he-
patic steatosis (Fig. 2B and C). Furthermore, our data also
indicate the possibility that the role of insulin may be
more complex than just its role in controlling lipid accu-
mulation. Protein expression of the senescence markers
p21, p53, and BCL-2 in the liver increased with plasma in-
sulin concentration. Moreover, at the transcriptional
level, expression of the cell cycle regulators CDKNIA and
MAPK11 as well as multiple genes encoding SASP proteins
were enhanced in individuals with high plasma insulin
levels. Interestingly, multiple regression analysis showed
that insulin correlated with senescence independently
from NAFLD, indicating that insulin-induced senescence
indeed may precede NAFLD. In line with this hypothesis,
we noted that individuals without NAFLD with a rela-
tively high expression of p21 also had high concentrations
of insulin in their portal blood. Although our results are
associative, we speculate that insulin rather than glucose

KEGG senescence pathway identified by RNA sequencing of liver tissue biopsies, respectively; red genes are those that are significantly
upregulated in patients with the highest quintile peripheral insulin. RNA-sequencing data were adjusted for age, and individuals with

T2DM were excluded from this analysis.
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Figure 2—A-C: Box plots showing p21 percentage, peripheral fasting insulin, and insulin AUC on the y-axis and the different categories
of NAFL displayed on the x-axis (n = 56). D: Glucose, insulin, and triglyceride excursions during a 2-h MMT comparing individuals with no
steatosis, NAFL, and NASH. Data are means + 95% Cls. *P < 0.05, ** P < 0.01, ***P < 0.001.

might be an important factor for inducing cellular senes-
cence in hepatocytes. To validate our results, we performed
similar regression analyses in 180 individuals from the on-
going KOBS study (17). In line with data from our study,
hepatic CDKN1A (p21) expression correlated with insulin re-
sistance and NAFLD in the KOBS study (r = 0.38; P <
0.001). Also in this data set, multiple regression analysis re-
vealed that insulin correlated independently from NAFLD
and glucose with hepatic senescence markers. This sug-
gests the possibility that hyperinsulinemia contributes to

senescence in the pathogenesis of NAFLD, at least partly,
and insulin-induced senescence is upstream in the patho-
genesis of NAFLD. This is in line with current evidence
showing that insulin resistance precedes NAFLD (22).
Also, our studies are in line with a recent article showing
that insulin induces senescence in adipose tissue (10).

Limitations
We note that the analyses of human data sets in our
study have some limitations. In this study, we used liver
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Figure 3—Results from the validation cohort (n = 180). A: Hepatic CDKN1A expression in individuals with normal glucose tolerance (NGT),
impaired fasting glucose, or T2DM. B: Box plot of hepatic CDKN1A expression in individuals with no steatosis, NAFL, and NASH. C: Pe-
ripheral fasting insulin concentrations in individuals without NAFL and with NAFL and NASH; individuals with T2DM were excluded from
this analysis. D: Scatterplot displaying the relation between peripheral insulin and CDKN1A expression. Blue line is the linear prediction re-
gression line; gray area is 95% Cl, p is Spearman correlation coefficient, and P is the significance level; individuals with T2DM were ex-
cluded from this analysis. E: Volcano plot showing genes in the KEGG senescence pathway identified by RNA sequencing of liver
biopsies. Genes in red indicate that the gene is significantly upregulated in individuals with fasting insulin levels in the highest quintile
group. Adjusted for age; individuals with T2DM were excluded from this analysis. *P < 0.05, ** P < 0.01, **P < 0.001.

and plasma samples obtained from individuals who under-
went bariatric surgery, which may introduce bias due to
preoperative weight loss. However, individuals who had
lost >3% of their body weight in the month prior to sur-
gery or >5% during the 6 months before surgery were ex-
cluded. Last, we used transcriptomics data to validate our
findings. To what extent the senescence markers signature
found in the transcriptomics data reflect a “true” senescent
signature remains to be answered.

In summary, we have shown by using two independent
cohorts that plasma insulin levels correlate with markers
of cellular senescence in liver tissue. Further studies are
needed to investigate to what extent insulin is causally in-
volved in inducing senescence in the liver.
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