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Abstract: A high-fat diet is a major risk factor for atherosclerosis. We conducted a longitudinal investigation to de-
termine whether vascular endothelial senescence is involved in the mechanism by which a high-fat diet promotes 
atherogenesis. We challenged 10 baboons (Papio sp.) with a high-cholesterol high-fat (HCHF) diet for 7 weeks. In 
addition to multiple changes in plasma lipid profiles, inflammatory status, and endothelial functions in each indi-
vidual, we found that levels of total serum cholesterol (TSC) and monocyte chemotactic protein-1 (MCP-1) were 
negatively and significantly correlated with endothelial nitric oxide synthase (eNOS) levels in endothelial cells while 
the levels of tumor necrosis factor α (TNF-α) and interleukin 6 (IL-6) were significantly correlated with nitric oxide 
levels in plasma within this time window. Most important, we observed that senescence-associated β-galactosidase 
(SA-β-gal) activities in endothelial cells harvested at 7 weeks after initiation of HCHF diet were significantly elevated 
by comparison with cells isolated from the same animals prior to dietary challenge. The SA-β-gal activities correlated 
significantly with the elevations of TSC, LDL-cholesterol, HDL-cholesterol, and IL-8 after 7 weeks of HCHF diet and 
with the changes of TSC and TNF-α levels after 3 weeks of HCHF diet. Our data indicate that the HCHF diet caused 
hyperlipidemia and prominent inflammation, which subsequently will cause endothelial dysfunction and promote 
senescence. The present study is the first to demonstrate the sequential and interactive changes as a consequence 
of an HCHF dietary challenge and establish a potential mechanism underlying the etiology of diet-induced athero-
genesis in a nonhuman primate. 
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Introduction

Atherosclerosis is the major cause of cardio-
vascular diseases in western countries [1, 2]. 
Although many determinants of atherosclerosis 
are recognized, thorough and elaborate 
research on its etiology continues to be a high 
priority, because these determinants do not by 
themselves account for the reasons why only a 
fraction of individuals exposed to dietary and 
other environmental risk factors develop the 
conditions [3, 4]. Epidemiological and clinical 
intervention studies have demonstrated that a 
high-fat diet damages the endothelium, which 
lines the inside surface of blood vessels [3, 5, 
6]. Therefore, understanding how high-fat diet 
interacts with endothelium is of paramount 
importance. 

Ingesting a high-fat, high cholesterol diet 
(HCHF) raises plasma cholesterol levels and 
alters vascular endothelial integrity and barrier 
function, enabling an abnormal amount of LDL 
to infiltrate the subendothelial layer and elicit 
either necrotic changes [7-9] or apoptotic mani-
festations [10-13]. Within the past decade, vas-
cular senescence has been found to play a 
more important role in atherogenesis than pre-
viously thought. Two types of cellular senes-
cence: replicative senescence resulting from 
finite division, and stress-induced senescence 
resulting from constant DNA damage and per-
sistent mitogenic and stress stimulation [14, 
15], are closely associated with vascular senes-
cence [16]. Arterial samples from humans with 
atherosclerotic lesions contain endothelial cells 
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that exhibit morphological features of senes-
cence [17, 18]. The vascular cells undergoing 
atherosclerosis stain positively for senescent-
associated β-galactosidase (SA-β-gal), an enzy-
matic marker for endothelial senescence [19-
22]. Progressive cell senescence has been 
observed in regions of arteries susceptible to 
atherosclerosis in humans and animals, but not 
in nonatherosclerotic areas [23, 24]. 

Few investigations have addressed directly the 
interrelationships among an HCHF diet, cellular 
senescence, and atherogenesis elicited by diet, 
especially in human subjects. We previously 
demonstrated that endothelial cells isolated 
from baboon femoral arteries after a 7-week 
HCHF dietary challenge exhibited a dramatic 
increase of senescence characteristics by com-
parison with cells isolated from the same ani-
mals prior to the dietary challenge and that the 
senescence was independent of telomere 
shortening [25]. It is not clear whether this is a 
surrogate phenomenon or if the diet is a direct 
causative factor; the mechanisms that underlie 
these changes are not known. While many 
other investigators also have observed that a 
high-fat diet is highly associated with endothe-
lial dysfunction and stress [26-28], it is impor-
tant to determine whether endothelial dysfunc-
tion becomes a trigger that relates to 
senescence. This unsolved question is particu-
larly important for depicting how HCHF dietary 
challenge causes atherosclerosis. 

We hypothesize that a high-fat diet induces 
blood vessel senescence, which consequently 
contributes to endothelial damage. By using an 
established nonhuman primate model, we 
determined the changes in three compart-
ments including lipid profile, inflammatory sta-
tus, and endothelial dysfunction and senes-
cence during the dietary challenge [25, 29-31]. 
In the present study, we evaluated the interrela-
tionship among these variables and identified 
two factors that were involved in endothelial 
senescence in baboons fed the HCHF diet: 1) 
total serum cholesterol (TSC) levels were found 
to be correlated with decreased endothelial 
nitric oxide synthase (eNOS) content and with 
elevated SA-β-gal activities in endothelial cells; 
and 2) increased levels of tumor necrosis factor 
alpha (TNF-α) and interleukin 6 (IL-6) were pres-
ent in the circulation at week 3 after dietary 
challenge, and the change in TNF-α apparently 
mediated prominent endothelial senescence 

observed at 7 weeks after feeding HCHF diet. 
Therefore, it is likely that high-fat diet causes 
endothelial senescence by directly creating 
dysfunction of endothelial cells and by indirect-
ly provoking a systemic proinflammatory status 
in the circulation. Our results illuminate how an 
HCHF diet is involved in atherogenesis in a non-
human primate model, helping to explain the 
path by which an individual’s susceptibility to 
atherosclerosis is determined.

Materials and methods

Study design for HCHF dietary challenge

This study reanalyzed the samples that had 
been collected previously [25], when we chal-
lenged the subjects with HCHF diet for 7 weeks. 
Blood samples were taken at 0, 3, and 7 weeks 
of the challenge to measure the lipid profiles, 
cytokines, and other circulating molecules 
related to cardiovascular disease (CVD). 
Endothelial cells were collected via femoral 
artery biopsy at 0 weeks (left side) and 7 weeks 
(right side) of dietary challenge. In contrast with 
previous investigations, we conducted a longi-
tudinal comparison of both circulating factors 
and blood vessels under the influence of the 
atherogenic diet to robustly delineate how 
HCHF diet damages vascular endothelium. 

Animals and sample preparations 

Ten adult baboons (six males and four females, 
ages 7–15 years, mean=10.8 years) were 
enrolled in this study; they had been classified 
as high responders because their serum LDL-
cholesterol concentrations increased substan-
tially in response to an HCHF diet [32]. All 
baboons used in this study were maintained at 
the Southwest National Primate Research 
Center. They were housed in outdoor group cag-
ing and, except during the dietary challenge, 
were fed chow ad libitium (Harlan Teklad SWF 
Primate Diet, Madison, WI), supplemented with 
seeds and corn. The composition of the HCHF 
diet has been described in previous reports 
[25, 29-31]. Arteries were biopsied by experi-
enced veterinarians as described previously 
and endothelial cells were isolated from the 
subjects [31, 33]. Blood samples for plasma 
were drawn aseptically into the tubes contain-
ing EDTA. All samples were centrifuged at 3000 
rpm for 30 minutes. Plasma was aliquoted and 
stored at -80°C. The Texas Biomedical Re- 
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Figure 1. Effect of HCHF diet on lipid profiles and endothelial dysfunctionalities. TSC showed significant increases at 3 and 7 weeks by comparison to 0 weeks. 
Significant increase of LDL-C level was seen at 7 weeks; Apo B was significantly increased only at 3 weeks. Significant increases of HDL-C were observed at 3 and 
7 weeks while no statistically change was seen at 3 and 7 weeks. TNF-α and IL-6 were significantly elevated after 3 weeks of dietary challenge and declined to 
negligible levels at 7 weeks. RANTES, IL-8, and MCP-1 in plasma remained elevated; eNOS contents were determined in cell lysates at 0 and 7 weeks after dietary 
challenge; and nitric oxide was determined in plasma at 0, 3, and 7 weeks after dietary challenge. The eNOS expression was significantly down-regulated to a great 
extent by dietary challenge. Significant nitric oxide decrease was observed between 0 and 7 weeks after dietary challenge, while no change was seen between 
0 and 3 weeks after dietary challenge. Paired Student’s t-test was used to compare means between 0 and either 3 or 7 weeks after dietary challenge. *p<0.05, 
**p<0.01, and ***p<0.001.
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search Institute Institutional Animal Care and 
Use Committee approved the study.

Measurements of plasma lipid profiles and 
CVD-related biomarkers

The lipid profiles included TSC levels, which 
were measured with Roche-Diagnostics stan-
dards and kits (Roche, IN), and triglycerides, 
measured with Liquicolor (Stanbio, TX). 
Lipoproteins containing Apo B were precipitat-
ed using heparin manganese (Diasorin, MN); 
HDL-C was measured in the supernatant. LDL-C 
was calculated by subtracting HDL-C from TSC. 
High sensitivity C-reactive protein (CRP) con-
centrations were measured with a commercial 
kit (Kamiya Biomedical, WA) using a latex parti-
cle immunoturbiometric method. We deter-
mined oxidized LDL concentrations with an 
ELISA kit (ALPCO Diagnostics, NH). 

Measurements of plasma cytokines by Lu-
minex

The human cytokine Lincoplex kit (Linco 
Research Inc, MO) was used to measure plas-
ma IL-6, IL-8, MCP-1 and TNF-α levels according 
to the manufacturer’s instructions. RANTES 
was determined using the Lincoplex kit (Linco 
Research Inc, MO). Bead signals were analyzed 
on a Luminex 100IS instrument. The between-
assay coefficient of variation for the control 
products in these immunoassays ranged from 
5.3% to 11.1% for IL-6, IL-8, MCP-1, and TNF-α 
and measured 1.6% for RANTES. 

Measurements of eNOS and nitric oxide in cell 
lysates and plasma

We measured eNOS concentrations in cell 
lysates with an ELISA kit (R&D Systems, MN); 
their concentrations were normalized by pro-
tein contents in cell lysates with the use of 
Lowry reagents (Sigma, MO). We measured 
nitric oxide in plasma by a colorimetric assay 
using a kit (R&D Systems, MN). 

Cytochemical staining and quantification for 
SA-β-gal activity

Endothelial cells were seeded in 8-well Lab-Tek 
culture slides. At the end of the experiment, cell 
staining was conducted using a kit (Cell 
Signaling, CA). Quantitative analysis of enzy-
matic activity, as defined by the positively 
stained area in histochemistry slides, was per-

formed using the software Image-Pro 4.5.1 
(MediaCybernetics, MD). Using a 40x objective 
lens, we randomly selected 150 cells per slide, 
captured the specific color that was identical to 
the products of SA-β-gal, and used the area 
measurement option provided by the software 
program to count area sizes and objective 
intensities. SA-β-gal activities before and after 
dietary challenge were compared statistically 
using the method described below. 

Statistical analysis

Data were expressed as mean±SD and repre-
sented the results of at least three indepen-
dent experiments with duplicate sets for each 
run. The statistical analysis of data between 
experimental groups was performed by 
Spearman coefficient (ρ values) and by paired 
Student’s test using statistical software JMP 
5.1 (JMP, SAS, NC) [34]. Differences between 
groups were considered significant at p<0.05.

Results

Systemic and interactive changes in response 
to HCHF diet challenge

During 7 weeks of dietary challenge, we docu-
mented the changes in multiple factors in circu-
lation and endothelial functionalities in cells 
obtained from femoral arteries. In peripheral 
blood, we found that HCHF diet caused lipid 
increases in all ten baboons by comparison to 
basal level (0 weeks). Levels of TSC (Figure 1A), 
LDL-C (Figure 1B), triglycerides (Figure 1C), 
apolipoprotein B (Apo B, Figure 1D), and HDL-C 
(Figure 1E) were elevated 3 weeks after initia-
tion of HCHF diet and held steady over the 
remaining course of the 7-week challenge. 
Oxidized LDL was increased at 3 weeks, but not 
significantly (Figure 2A). Next, we analyzed 
inflammatory status after dietary challenge. 
Levels of proinflammatory cytokines TNF-α 
(Figure 1F) and IL-6 (Figure 1G) increased sig-
nificantly after 3 weeks of HCHF diet but were 
negligible after 7 weeks of diet. Both TNF-α and 
IL-6 decreased significantly between 3 and 7 
weeks after dietary challenge. Levels of chemo-
kines including RANTES (Figure 1H), IL-8 (Figure 
1I), and MCP-1 (Figure 1J) increased after 3 
weeks of dietary challenge and remained high 
at 7 weeks; significant elevations were seen in 
IL-8 and MCP-1 only at 7 weeks. C-reactive pro-
tein (CRP) levels did not vary significantly during 
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the dietary challenge but exhibited greater 
interindividual variation at baseline. This varia-
tion diminished with the progression of dietary 
challenge (Figure 2B). We saw dramatic endo-
thelial dysfunction during the dietary challenge, 
as shown in eNOS content (Figure 1K) and 
nitric oxide in plasma (Figure 1L). We observed 
a sharp and significant decline in eNOS content 
at 0 weeks and at 7 weeks after HCHF diet (no 
samples were collected at week 3). We also 
observed a gradual decrease in nitric oxide 
concentration in plasma during the 7-week 
time frame, which corresponded to intracellular 
eNOS decline. It is noteworthy that interindivid-
ual variations of many determinants, as men-

tionships among multiple variables and identi-
fied several significant correlations, as listed in 
Table 2. Among these positive correlations, 
some were expected, such as levels of TSC and 
Apo B (p<0.001 at 3 weeks, p<0.01 at 7 weeks); 
TSC and HDL-C (p<0.001 at 3 weeks, p<0.01 at 
7 weeks, data not shown); Apo B and oxidized 
LDL (p<0.001 at 3 weeks, p<0.001 at 7 weeks); 
TNF-α and IL-6 (p<0.001 at both 3 weeks and 7 
weeks); and multiple significant correlations 
among cytokines and chemokines. When we 
investigated correlations of inflammatory reac-
tions with lipid-related molecules, we found 
that TSC levels did not significantly correlate 
with TNF-α at either 3 weeks or 7 weeks, but a 

Figure 2. Oxidized LDL and CRP changes in plasma during dietary challenge. Oxidized LDL (Panel A) and CRP (Panel 
B) were shown during HCHF dietary challenge. No statistical significance was found in either oxidized LDL or CRP 
during 7 weeks. However, larger inter-individual variations were seen at 0 weeks by comparison with 7 weeks after 
dietary challenge. Data were shown in mean±SD as they are marked with black lines; significances were analyzed 
by paired Student’s t-test; n=10.

Table 1. Means and variances of lipid profiles, CVD-related biomarkers, 
and cytokines in response to HCHF diet (n=10)

0 weeks 3 weeks 7 weeks
Mean Variance Mean Variance Mean Variance

TSC (mg/mL) 102 423 190 2987 209 4728
LDL-C (mg/mL) 43 241 96 3344 113 7175
Triglycerides (mg/mL) 47 156 57 389 49 619
Apo B (mg/mL) 31 153 54 689 50 1475
HDL-C (mg/mL) 59 160 94 529 97 657
Oxidized LDL (mU/L, x104) 5 6 8 16 6 24
CRP (mg/mL) 0.3 0.05 0.27 0.01 0.28 0
RANTES (pg/mL) 116 15269 235 8236 208 31126
IL-6 (pg/mL) 16 44 48 172 1 1
IL-8 (pg/mL) 131 12672 261 17531 287 56266
MCP-1 (pg/mL) 31 45 41 211 52 182
TNF-α (pg/mL) 8 5 16 79 1 1

tioned above, were 
elevated at 3 weeks 
after HCHF diet; the 
variances became gr-
eater after 7 weeks, 
as shown in Table 1. 

Correlations of 
pathophysiological 
responses induced by 
HCHF diet challenge

To reveal the systemic 
and interactive events 
involved in the HCHF-
diet-induced patho-
logical process, we 
used pairwise and 
nonparametric analy-
sis to study the rela-
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significant correlation existed at 3 weeks for 
IL-6 (p<0.05). However, TSC levels were signifi-
cantly correlated with three chemokines deter-
mined at both 3 and 7 weeks (RANTES, IL-8, 
and MCP-1). Apo B levels after 3 weeks were 
significantly correlated with both TNF-α and 
IL-6; their correlations disappeared at 7 weeks. 
Other correlations, such as levels of Apo B and 
oxidized LDL and oxidized LDL, TNF-α, and IL-6 
were also high. The decline of eNOS content in 
endothelial cells was negatively and significant-
ly correlated with TSC levels (Table 3, Spearman 
ρ=-0.6549, p<0.01, n=8). MCP-1 was also 
highly correlated with eNOS content (Table 3, 
Spearman ρ=-0.7549, p<0.001, n=8). Reduced 
nitric oxide levels at 7 weeks were associated 
with increased levels of proinflammatory cyto-

dish but did not survive after passage. 
Endothelial cells from two other animals 
(ID#13676 and ID#10041) did not grow well in 
vitro after dietary challenge. Because these 
anomalies do not occur often with cultures 
derived from baboons fed a basal diet, these 
data imply that HCHF diet caused serious dam-
age to the endothelium. Then, we quantified 
cellular activities of SA-β-gal, a comprehensive 
marker for cell senescence, before and after 
HCHF diet (Figure 3). Significantly increased 
SA-β-gal activity was seen in cells after HCHF 
dietary challenge, indicating that a high-fat 
dietary challenge resulted in endothelial senes-
cence. In order to determine which factors are 
relevant to endothelial senescence as a result 
of HCHF diet, we investigated the correlations 

Table 2. Multivariate analysis of correlations between lipid profiles and 
cytokines during HCHF dietary challenge

3 weeks 7 weeks
Variable By variable Spearman ρ p values Spearman ρ p values
TSC Apo B 0.7703 <0.0001 0.5575 0.0014
TSC Oxidized LDL 0.5370 0.0148 0.3115 0.0938
TSC RANTES 0.5862 0.0067 0.4738 0.0082
TSC IL-8 0.6363 0.0026 0.4479 0.0131
TSC MCP-1 0.5235 0.0178 0.5236 0.0030
TSC IL-6 0.4934 0.0271 -0.0571 0.7645
TSC TNF-α 0.3449 0.1364 -0.0969 0.6105
Apo B Oxidized LDL 0.7068 0.0005 0.8016 <0.0001
Apo B RANTES 0.5412 0.0137 0.6166 0.0003
Apo B IL-8 0.6202 0.0035 0.5843 0.0007
Apo B MCP-1 0.4712 0.0360 0.1969 0.2970
Apo B IL-6 0.5415 0.0137 0.2569 0.1706
Apo B TNF-α 0.4731 0.0351 0.2203 0.2420
Oxidized LDL RANTES 0.4421 0.0510 0.5162 0.0035
Oxidized LDL IL-8 0.4135 0.0699 0.4296 0.0178
Oxidized LDL MCP-1 0.5008 0.0245 0.1604 0.3972
Oxidized LDL IL-6 0.7212 0.0003 0.4877 0.0063
Oxidized LDL TNF-α 0.5424 0.0135 0.4136 0.0231
IL-6 RANTES 0.4606 0.0410 0.2202 0.2422
IL-6 IL-8 0.3909 0.0883 0.1253 0.5094
IL-6 MCP-1 0.7909 <0.0001 0.0663 0.7276
IL-6 TNF-α 0.7871 <0.0001 0.8699 <0.0001
TNF-α RANTES 0.5805 0.0073 0.3279 0.0769
TNF-α IL-8 0.1465 0.5378 -0.0167 0.9303
TNF-α MCP-1 0.8788 <0.0001 0.1319 0.4872
IL-8 RANTES 0.4045 0.0769 0.3280 0.0768
MCP-1 RANTES 0.6511 0.0019 0.3518 0.0566
MCP-1 IL-8 0.2496 0.2885 0.0661 0.7287

kines TNF-α and IL-6. 
These data imply that 
ingesting a high-fat diet 
results in an interactive 
pathological alteration in 
circulation, which is capa-
ble of causing endothelial 
cells to be dysfunctional. 

Endothelial senescence 
induced by HCHF diet and 
potential factors contrib-
uting to the changes

To test whether HCHF diet 
could induce premature 
senescence of vascular 
endothelium, we com-
pared cell growth and 
senescent marker cells 
obtained from the same 
subjects prior to HCHF 
diet. We observed their 
growth status, an alterna-
tive parameter of cellular 
proliferative potential 
(Table 4). We noticed that 
the endothelial cells 
obtained from animal 
ID#11017 after it had 
been fed HCHF diet could 
not be passaged because 
they did not attach firmly 
to culture dishes and were 
lost during medium 
change. Some cells from 
animal ID#8272 were 
attached to the culture 
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between circulating determinants and endothe-
lial changes throughout the treatment. We 
found a significant association of plasma TSC, 
LDL-C, and HDL-C levels 7 weeks after dietary 
challenge with SA-β-gal activities in endothelial 
cells, but the association with the levels of Apo 
B was not statistically significant (Table 5). TSC 
levels were negatively and significantly associ-

we correlated TNF-α and IL-6 levels after 3 
weeks on HCHF diet to SA-β-gal activities after 
7 weeks of dietary challenge, we found that 
TNF-α, but not IL-6, had a positive association 
with SA-β-gal activities in endothelial cells har-
vested at 7 weeks (Table 5). 

Discussion

Elevated plasma cholesterol induced by a high-
fat diet is a critical factor for atherogenesis; it 
not only results in the deposition of lipids in the 
atheromatous lesions but also contributes to 
the primary injury initiating atherogenesis [5-8]. 
Traditionally, it has been recognized that high 
levels of lipids in the circulation result in endo-
thelial damage either by apoptosis or necrosis, 
which are probably the predominant cellular 
mechanisms underlying the pathogenesis of 
atherosclerosis [9, 10, 35]. During the past 
decade, accumulating evidence has implied 
that vascular senescence also contributes to 
atherosclerosis; that aging vasculature persists 
as the most significant risk factor [16]; and that 
multiple cardiovascular risk factors promote 
premature vascular senescence [36-39]. These 
observations have led to the emerging concept 
that “vascular age” rather than chronological 
age is the best predictor of cardiovascular dis-
ease [24, 40]. Previously, we confirmed that 
HCHF diet diminished endothelial functions 
[31] and resulted in higher levels of SA-β-gal 

Table 3. Multivariate analysis of some CVD-related factors cor-
related to endothelial dysfunctional alterations during HCHF 
dietary challenge 

3 weeks 7 weeks
Variable By Variable Spearman ρ p values Spearman ρ p values
TSC Nitric Oxide 0.0150 0.9500 -0.2919 0.1244

eNOS NA NA -0.6549 0.0059
Apo B Nitric Oxide 0.3555 0.1240 0.1923 0.3175

eNOS NA NA -0.1520 0.5741
TNF-α Nitric Oxide 0.0652 0.7848 0.4347 0.0185

eNOS NA NA 0.2959 0.2659
IL-6 Nitric Oxide 0.0056 0.9814 0.4519 0.0138

eNOS NA NA 0.4752 0.0629
IL-8 Nitric Oxide -0.1845 0.4363 -0.1701 0.3775

eNOS NA NA 0.3723 0.1556
MCP-1 Nitric Oxide -0.0552 0.8173 -0.3029 0.1102

eNOS NA NA -0.7594 0.0006
eNOS Nitric Oxide NA NA 0.5800 0.0234
NA, not available; no endothelial cultures were harvested at this time point.

Table 4. Endothelial growth rate at baseline 
and 7 weeks after HCHF diet
Animal ID 0 Weeks 7 Weeks
11017 ++++ –
13676 ++++ +
10041 ++++ +
12345 ++++ ++++
11850 ++++ ++++
14811 ++++ ++++
14705 ++ ++
8272 ++++ ±
14704 ++ ++
14818 ++++ ++++
Endothelial growth rate was estimated based on the 
number of passage times in vitro under standard culture 
conditions. ++++, indicates that ECs had highly prolif-
erative ability and were able to be passaged from 6-9 
times; ++, indicates moderate proliferative ability and 
ability to be passaged from 3-5 times; +, indicates poorly 
proliferative ability with capacity of one or two passages; 
±, indicated that no cells survived after first passage; –, 
indicated no cells were harvested at the end of culture.  

ated with eNOS contents in 
endothelial cells harvested after 
dietary challenge, indicating that 
elevated TSC levels may have 
impacted intracellular eNOS 
content and led to dysfunctional 
endothelial performance. When 
we assessed correlations of 
plasma TNF-α and IL-6 levels 
after HCHF dietary challenge 
with SA-β-gal activities in endo-
thelial cells, we noted that a 
time-dependent pathological 
process was involved in diet-
induced responses. TNF-α and 
IL-6 levels after 7 weeks on 
HCHF diet did not relate signifi-
cantly to endothelial senes-
cence, possibly because the 
concentrations of these sub-
stances were too low to be accu-
rately measured. However, when 
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activities [25]. In this study, we investigated 
factors that were associated with endothelial 
senescence resulting from a short-term HCHF 
dietary challenge. The results suggest that a 
high-fat diet plays a major role in inducing 
endothelial injury that initiates atherogenesis. 

The use of a large nonhuman primate model 
enables us to reveal how high fat diet causes 
vascular endothelial damage [25, 31, 33, 
41-43] because baboons and humans share 
similar characteristics of physiology and aging 
[44, 45]. In addition, this model gives us experi-
mental access to observe spatial- and tempo-
ral-dependent changes in three compartments 
that reflect the integrative nature of this patho-
logical process. To our knowledge, this is the 
first experiment that details the variables 
involved in diet-induced vascular endothelial 
alteration and demonstrates their interactions. 
We found that an HCHF diet not only elevated 
levels of plasma lipid (Figure 1, panels A-E) but 
also resulted in gross systemic inflammatory 
responses (Figure 1, panels F-J). For many 
years, conflicting results have been presented 
in regard to inflammatory markers with risk of 
atherosclerosis [46-49]. In our longitudinal 
study, we defined the dynamics of molecules 
involved in systemic inflammation. The data 
illustrate the different roles of inflammatory 
cytokines in response to dietary challenge and 
provide an experimental basis for the up- and 

down-regulation of the inflammatory cytokine 
network of this disease. The findings have pro-
vided helpful insights into understanding the 
pathological processes in human subjects. 

To determine which factors cause endothelial 
senescence as a result of HCHF diet, we inves-
tigated the correlations between circulating 
determinants and endothelial changes through-
out the dietary challenge. First, we found a sig-
nificant association of plasma TSC, LDL-C, and 
HDL-C levels 7 weeks after dietary challenge 
with SA-β-gal activities in endothelial cells, but 
the association with the levels of Apo B was not 
statistically significant (Table 5). That observa-
tion suggested that plasma cholesterol, either 
in LDL or in HDL, may be an important factor in 
the initiation of vascular endothelial senes-
cence. Although the importance of LDL choles-
terol in the development of atherosclerosis has 
long been recognized, the role of HDL choles-
terol has not been considered to as great an 
extent. Our study indicated that both LDL-C and 
HDL-C levels were significantly associated with 
endothelial senescence resulting from HCHF 
diet. This finding may explain why many people 
remain at high risk of atherosclerosis even 
though therapeutic intervention has progres-
sively reduced their LDL-C level.

To explore the mechanism underlying this sce-
nario, we further observed that TSC levels were 
negatively and significantly associated with 
eNOS contents in endothelial cells harvested 
after dietary challenge, indicating that elevated 
TSC levels had impacted intracellular eNOS 
content and led to dysfunctional endothelial 
performance (Table 3). Therefore, we speculate 
that elevated plasma cholesterol mediates 
endothelial senescence via nitrosative stress, 
a condition resulting from low nitric oxide (NO) 
concentrations and thus that reduction of NO 
levels may be the first step in pathogenesis of 
atherosclerosis. Our results are consistent with 
previous in vitro studies that concluded that 
reduced bioavailability of endothelium-synthe-
sized NO disrupts the regulation of vascular 
tone, structure, and function, which is the key 
mechanism mediating reduced endothelium-
dependent dilation [36, 50, 51]. Dietary altera-
tions regulate eNOS activity and NO synthesis 
in endothelial cells in rodents [52-56]. Here, we 
provide in vivo evidence supporting the con-
cept that plasma cholesterol could directly pro-
mote endothelial dysfunction in a nonhuman 

Figure 3. Effects of HCHF dietary challenge on SA-
β-gal activities in endothelial cultures. Endothelial 
cells were harvested before and after dietary chal-
lenge and cultured on chamber slides. Cell staining 
and quantitative analysis of enzymatic activities are 
described in the section Materials and Methods. 
Results of SA-β-gal activities at 0 and 7 weeks after 
dietary challenge were compared; statistical signifi-
cance existed between them (p<0.05, n=8).



Endothelial senescence by high-fat diet

115 Am J Cardiovasc Dis 2013;3(3):107-119

primate. Our results also suggest that proin-
flammatory cytokines may induce endothelial 
senescence as a consequence of a high-fat 
diet. When we assessed correlations of plasma 
TNF-α and IL-6 levels after HCHF dietary chal-
lenge with SA-β-gal activities in endothelial 
cells, we noted a time-dependent pathological 
process involved in diet-induced responses. 
TNF-α and IL-6 levels after 7 weeks on HCHF 
diet did not relate significantly to endothelial 
senescence, possibly because the concentra-
tions of these substances were too low to be 
accurately measured. However, when we corre-
lated TNF-α and IL-6 levels after 3 weeks on 
HCHF diet to SA-β-gal activities after 7 weeks of 
dietary challenge, we found that TNF-α, but not 
IL-6, had a positive association with SA-β-gal 
activities in endothelial cells harvested at 7 
weeks (Table 3). This result indicates that ear-
lier proinflammatory stimuli resulting from 
HCHF diet might have consequences for endo-
thelial damage, and TNF-α might well be 
responsible. This finding supports not only the 
concept that proinflammatory TNF-α is proba-
bly a significant factor driving endothelial 
senescence [15, 24, 40], at least under our 
experimental conditions but also suggests that 
TNF-α mediates diet-induced vascular injury. 
IL-6 is also a potent molecule that drives vascu-
lar senescence; elevated IL-6 in circulation is 
currently considered to be a prominent feature 
of aging [15, 37]. However, the correlation in 

inflammatory status. IL-6 and TNF-α were dra-
matically elevated in the early phase, from 0 to 
3 weeks after diet, and then dropped to unde-
tectable levels after 7 weeks of high-fat diet 
(Figure 1F and 1G). However, RANTES, IL-8, and 
MCP-1 remained at high levels beyond the first 
3 weeks of dietary challenge (Figure 1H-J). 
Based on these observations, we propose here 
that consumption of a high-fat diet could initi-
ate a proinflammatory status, as evidenced by 
IL-6 and TNF-α increases, which then triggers 
premature senescence of endothelial cells. The 
declines in circulating IL-6 and TNF-α in the sec-
ond phase of the dietary challenge might be a 
result of senescence of immune cells that 
released these cytokines after an increased 
burst of free radicals upon high-fat dietary chal-
lenge [58]. The three chemokines that we stud-
ied were constantly released into circulation. 
The continuous increase of chemokines might 
be a result of release from activated inflamma-
tory cells, and might also be caused in part by 
release from senescent cells, since numerous 
reports have indicated that secretion of these 
factors is a typical feature, termed senescence-
associated secretory phenotype [15, 57, 59]. 
We found that only IL-8 levels at 7 weeks cor-
related significantly with SA-β-gal activities 
(p=0.007, n=8), but not at 3 weeks, of HCHF 
diet. Therefore, we conclude that proinflamma-
tory responses resulting from dietary insult are 
the triggers of premature senescence and that 

Table 5. Correlation of SA-β-gal activities after 3 and 7 
weeks of HCHF dietary challenge with CVD-related factors 
measured 3 weeks of dietary challenge

Variables
Between 0 and 3 weeks Between 0 and 7 weeks
Spearman ρ p values Spearman ρ p values

TSC 0.754 0.005 0.615 0.011
LDL-C -0.108 0.799 0.668 0.005
HDL-C -0.619 0.102 0.509 0.044
Apo B 0.402 0.195 0.402 0.065
Oxidized LDL -0.667 0.071 0.193 0.474
CRP -0.371 0.227 -0.371 0.227
TNF-α 0.669 0.002 -0.337 0.280
IL-6 0.505 0.093 -0.418 0.170
MCP-1 0.535 0.073 0.246 0.359
RANTES 0.334 0.288 0.229 0.393
IL-8 0.024 0.977 0.641 0.007
eNOS NA NA -0.127 0.732
NA, not available; no endothelial cultures were harvested at this time 
point.

this small sample size was not signifi-
cant (p=0.093).

The manner in which inflammatory 
networks cause cellular senescence 
has been debated for years [15, 16, 
57]. It has not been determined 
whether inflammatory factors are 
causes or consequences of cellular 
senescence because inflammation is 
systemic and diffuse in nature. 
Because ours was a longitudinal study, 
we were able to investigate the impact 
of high-fat diet on inflammatory profil-
ing at different time points and to 
identify time-dependent events that 
are potentially important in the devel-
opment of cellular pathology. We dem-
onstrated that proinflammatory cyto-
kines IL-6 and TNF-α behaved 
differently from chemokines (MCP-1, 
RANTES, and IL-8) and that there are 
two phases in the appearance of 
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the senescent cells originate chemokine pro-
duction. Song and Goldstein reported that 
senescing induces a proinflammatory pheno-
type; senescent cells are also considered a 
source of chronic inflammation that is associ-
ated with many age-related pathophysiological 
processes and diseases [15, 60]. 

Based on our results, we propose a model that 
describes how high-fat diet induces vascular 
endothelial senescence in baboons, as shown 
in Figure 4. Elevated total cholesterol depletes 
NO availability, and Apo B and/or oxidized LDL 
elicits a high proinflammatory status; both pro-
pel the senescence process. We propose that 
individual variation in these factors and interac-
tions among them in response to high-fat 
dietary challenge are responsible for some of 
the inter-individual differences in susceptibility 
to atherogenic pathogenesis. 

The scope of this study imposes several limita-
tions. The power to examine associations with 
variables characterized during the HCHF dietary 

challenge needs improvement; expanding the 
sample size will almost certainly reveal addi-
tional significant relationships that were not 
detected in this study as a result of larger inter-
individual variations. Future research with a 
larger sample size would be expected to con-
firm our findings in a robust manner and explain 
some of the conflicting findings in this field [15, 
40]. Interestingly, some well-known CVD-
related risk factors, such as Apo B, oxidized 
LDL, and CRP, did not exert significant roles in 
diet-induced vascular damage in our model, 
although we found oxidized LDL to be strongly 
correlated to MCP-1, IL-6, and TNF-α (Table 2), 
indicating that they might have an indirect role 
or inappropriate time points of sampling. Two 
additional notable limitations of this study are 
1) that we were not able to measure other 
senescent markers besides SA-β-gal activities 
in this study and 2) that the activities were 
measured in isolated endothelial cells. The 
growth status of endothelial cells was observa-
tional. We plan future investigations in which 
we will use blood vessels in situ and examine 

Figure 4. Model of factors that regulate endothelial senescence by HCHF. Based on the associations, we suggest 
that endothelial senescence is a dominant endothelial damage mechanism in response to HCHF diet. Our data 
suggest that an HCHF diet initiates the sequential and interactive changes, which eventually cause endothelial se-
nescence. We hypothesize that elevated TSC levels at both 3 and 7 weeks of dietary challenge cause endothelial se-
nescence. TNF-α levels at 3 weeks of dietary challenge also are closely related to vascular endothelial senescence. 
TSC and Apo B may exert differently in inducing endothelial senescence under our hypothesis, elevated TSC levels 
devastate endothelial ability to synthesize NO and result in endothelial dysfunction; while increased Apo B levels, 
accompanying by increased oxidized LDL, seem to provoke an inflammatory scenario that initiates and accelerates 
endothelial senescence. Therefore, we conclude that high-fat diet causes endothelial senescence via multiple path-
ways. Vascular endothelial senescence may be the underlying mechanism of endothelial damage that triggers the 
pathogenesis of diet-induced atherosclerosis.
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both p16INK-pRb-β-gal and p53-pRb-β-gal sig-
naling pathway activations to detail the molecu-
lar nature of this process. Finally, although we 
concluded that the high-fat dietary challenge 
stressed endothelial cells and caused prema-
ture senescence, whether these senescent 
cells become focal loci that develop into ath-
erosclerotic lesion remains to be determined. 

Despite these remaining questions, our results 
clearly established that 1) even a short-term 
exposure (7 weeks) to a high-fat diet can have 
devastating pathological effects on vascular 
endothelial cells, and 2) physiological respons-
es during the first 3 weeks of high-fat diet may 
have lasting effects that are manifested in 
endothelial cells at a later time. These conclu-
sions significantly impact the traditional per-
ception that a high-fat diet is detrimental only if 
exposure to it is of long duration. They also 
have important implications for the design of 
experiments aimed at understanding the pro-
gression of events that lead to diet-induced 
atherogenesis. Assessment of physiological 
effects of diet after 3 weeks of exposure may 
be essential to understanding mechanisms of 
atherogenesis as well as individual variation in 
extent and severity of atherosclerosis years 
after the initiation of the dietary challenge. 
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