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Background: Endothelial dysfunction (ED) is induced by insulin resistance, 
mediated by endoplasmic reticulum (ER) stress and disturbed autophagy. This 
study investigates the protective role of a low-carbohydrate, high-fat (LCHF) 
diet on ED, ER stress, and autophagy dysregulation in an experimental animal 
model of metabolic syndrome.

Methods: Forty male Sprague–Dawley rats were divided into four groups: a 
Control group (standard diet) and three Dexamethasone (DEX) treated groups. 
Group II continued the standard diet, Group III received an LCHF diet, and 
Group IV received a high-carbohydrate, low-fat (HCLF) diet. At the end of the 
experiment, aortic tissue samples were obtained and used for histological, 
immunohistochemical (Endothelin and PCNA, biochemical MDA, TCA, NO, 
8-OH-dG, and Nrf2/ARE protein) and molecular (Endothelin, eNOS, Nrf-2 α, 
p62, LC3, BECN-1, PINK1, CHOP, BNIP3, PCNA) analysis.

Results: Oxidative stress, autophagy markers, and ED markers are increased in 
the metabolic syndrome group. LCHF diet mitigates the adverse effects of DEX 
on endothelial dysfunction and oxidative stress, as evidenced by reduced BMI, 
HOMA-IR, and improved histological and molecular parameters.

Conclusion: Oxidative stress, autophagy dysregulation, and ER stress play crucial 
roles in the pathogenesis of insulin resistance-induced endothelial dysfunction. 
An LCHF diet offers protective benefits against insulin resistance and related 
comorbidities, including endothelial dysfunction.
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1 Introduction

Insulin resistance refers to the decreased responsiveness of 
tissues that target insulin, even at elevated physiological levels of the 
hormone. It is considered the pathogenic driver of many modern 
diseases, including metabolic syndrome, nonalcoholic fatty liver 
disease (NAFLD), atherosclerosis, and type 2 diabetes (T2DM). In 
the pre-diabetic condition, insulin levels increase to compensate for 
insulin requirements, leading to chronic hyperinsulinemia, 
hyperglycemia-induced β-cell failure, and eventually T2DM (1). 
Notably, the glucose-regulating effects of insulin, such as the 
suppression of hepatic glucose production (HGP) and lipolysis, 
cellular uptake of plasma glucose, and net glycogen synthesis, are not 
observed in insulin-resistant tissues at normal physiological 
levels (2).

The endothelium, a specialized and extensive tissue in the body, 
regulates the normal function of blood vessels by acting as a 
mechanical lining. It also plays a pivotal role in regulating leucocyte 
adhesion, platelet aggravation, and blood vessel patency and controls 
the release of secretory factors in response to mechanical stimuli (3). 
The major role of endothelium is to ensure adequate blood flow, which 
depends on the counterbalance between vasodilators and 
vasoconstrictors. Vasodilators, including prostacyclin (PGI2) and 
nitric oxide (NO), aim to maintain adequate blood by dilating the 
vessels, while vasoconstrictors, including endothelin-1 (ET1) and 
thromboxane A2 (TXA2), counterbalance the excessive vasodilation 
and maintain the vascular tone (4).

Different factors may lead to endothelial dysfunction, including 
insulin resistance and diabetes (5). One significant pathological 
mechanism underlying endothelial dysfunction in diabetes mellitus 
and its related insulin resistance states is endoplasmic reticular (ER) 
stress (6). The endoplasmic reticulum (ER) is an essential site for many 
cellular functions, including post-translational folding and synthesis 
of secretory and transmembrane proteins in eukaryotic cells. ER stress 
occurs under various physiological or pathophysiological conditions 
that increase protein demand or accumulate misfolded and/or 
unfolded proteins within the ER lumen. The unfolded protein 
response (UPR) is an adaptive signaling cascade activated by ER stress 
to reduce protein synthesis. It aims to enhance protein folding capacity 
and degrade irreversibly misfolded proteins, restoring ER homeostasis 
(7). However, the chronic activation of UPR leads to a state of ER 
stress and the activation of pro-apoptotic signals (8), subsequently 
leading to apoptosis and inflammation, contributing thus to the 
progression of cardiovascular disease (7, 8).

Autophagy (self-eating), which is vital for the clearance of toxic 
proteins and re-cycling of cytosolic content, was found to be activated 
as a protective mechanism to decrease unfolded protein load and 
prevent ER-stress-mediated apoptosis (9). Autophagy has been linked 
to the three signaling arms of UPR (10). For example, activating 
transcription factor 4 (ATF-4), a key player in UPR, enhances the 
transcription of autophagy genes: microtubule-associated protein-1 
light chain 3 (MAP1LC3B), Beclin-1 (BECN1), autophagy-related 3 
(ATG3) and autophagy-related 12 (ATG12). Additionally, cleaved 
ATF-6, another important UPR transcription factor, increases the 
expression of death-associated protein kinase 1 (DAPK1), 
phosphorylating BECN1, leading to autophagy. Moreover, activating 
IRE-1α triggers MAPK, ultimately resulting in the cessation of 
autophagy activation (7, 11).

The relationship between ER stress and insulin signaling 
disruption is complex and interdependent. On the one hand, ER stress 
is known to be enhanced by obesity and has been proposed to induce 
insulin resistance in liver and pancreatic β-cells (12). On the other 
hand, during an over-nourished condition, the liver responds by 
enhancing UPR by accumulating unfolded proteins in the ER. During 
this process, the recruitment of glucose-regulated protein 78 (GRP78, 
also known as BiP) results in the activations of all three signaling arms 
of UPR and, thus, reduces unfolded protein levels (13). Experimentally, 
ER stress induction suppresses insulin signaling via the serine 
phosphorylation of insulin receptor substrate-1 (IRS-1) by c-Jun 
N-terminal kinase (JNK), thus interfering with IRS-1 function in 
insulin signaling. As in the liver, increased demand for insulin 
secretion induces ER stress in pancreatic β-cells in chronic 
hyperglycemic diabetic humans and mice, contributing to the 
development of T2DM. Pancreatic β-cell-specific knockout of X-box-
binding protein-1 (XBP-1), a key transcription factor in ER stress, 
resulted in hyperglycemia and diet-induced insulin resistance from 
β-cell dysfunction in mice. Thus, while it is premature to conclude that 
ER stress directly induces insulin resistance and vice versa, ER stress 
seems to regulate glucose and lipid metabolism, such as lipogenesis, 
lipid droplet formation, and lipid storage (1). Thus, dietary 
composition would be expected to influence metabolic pathways and 
cellular stress responses significantly.

Limiting carbohydrate intake has a long-standing history, once 
serving as a treatment for type 1 diabetes (T1D) before the discovery of 
insulin (14). Reducing ER stress and its associated pathological effects 
is a key mechanism supporting the role of a low-carbohydrate diet 
(LCD) in preventing comorbidities related to insulin resistance (15).

Accordingly, the current study aims to investigate the potential 
protective role of a low-carbohydrate, high-fat (LCHF) diet against 
developing endothelial dysfunction, endoplasmic reticulum stress, 
and autophagy dysregulation in an experimental animal model of 
drug-induced metabolic syndrome. Understanding these relationships 
may reveal novel dietary strategies to mitigate ER stress-related 
metabolic disorders.

2 Materials and methods

This study is a part of an extensive project previously outlined by 
Alnami et al. (16). The Biomedical Ethics Research Committee has 
been approved at the Faculty of Medicine, King Abdulaziz University 
in Jeddah, Saudi Arabia, with reference number 33–21. Additionally, 
it received authorization from the Animal Care and Use Committee 
(ACUC) at the King Fahd Medical Research Center, affiliated with 
King Abdulaziz University in Jeddah, under the protocol number 
ACUC-20-09-21.

2.1 Animals and experimental protocol

Forty male Sprague–Dawley rats, weighing around 120 ± 20 
grams, were acquired from the Animal House at King Fahd Medical 
Research Center, Jeddah, Saudi Arabia. Initially, the animals were 
acclimatized for 10 days in a controlled environment and maintained 
until they reached 8 weeks of age. They were then divided into four 
groups of 10 rats each. The first group (Control) was given a standard 
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diet and subcutaneously injected with saline. The remaining groups 
were treated with Dexamethasone (DEX) (Saudi Pharmaceutical 
Industries (SPI), Riyadh, Saudi  Arabia) with daily subcutaneous 
injection (250 μg/kg) for 4 weeks. Group II continued the standard 
diet, Group III received a low-carbohydrate, high-fat (LCHF) diet, and 
Group IV received a high-carbohydrate, low-fat (HCLF) diet. All diets 
were isocaloric. The specific details of the diet compositions and 
methodologies have been extensively detailed in previous studies by 
Alnami et al. (16) and Bima et al. (17). Body Mass Index (BMI) was 
calculated based on the weekly height and body weight measurements.

2.2 Sampling

By the end of the four-week experiment, the rats were anesthetized 
by ether after 12 h of overnight fasting. Then, the heart was exposed 
via a thoracic incision. Intracardiac perfusion using normal saline 
followed by 10% neutral-buffered formalin for the partial fixation of 
the specimens was conducted.

The descending aorta was meticulously dissected, and blood, 
connective tissue, and fat were removed. Each vessel was cut into 
3–4 mm rings, weighed, and homogenized for biochemical analysis. 
For homogenization, the aorta vessels were immediately collected and 
rinsed with ice-cold PBS (pH 7.4). Then, homogenization was carried 
out in 0.1 M phosphate buffer, pH 7.4, containing 0.15 M KCl, 0.1 mM 
EDTA, 1 mM DTT, and 0.1 mM phenylmethylsulfonyl fluoride at 
4°C. The samples were centrifuged at 14,000 rpm for 20 min at 4°C, 
and protein content was determined using the Bradford method (18).

About 20–40 mg tissue samples from the cerebral cortex and carotid 
artery were snap-frozen in liquid nitrogen and stored at −80°C for 
molecular investigations for total RNA extraction. Another aorta samples 
were subjected to paraffin fixation and used for histological examination.

2.3 Histological study

Specimens from the aorta were fixed in Bouin’s solution. After 
fixation, specimens were dehydrated in an ascending series of alcohol, 
cleared in two changes of xylene, and embedded in molten paraffin. 
Sections of 5 microns thickness were cut using a rotary microtome 
and mounted on clean slides. For histological examination, sections 
were stained with hematoxylin and eosin (H&E), according to 
Bancroft and Layton (19).

2.4 Immunohistochemical (IHC) study

For immunohistochemical detection of endothelin and 
proliferating cell nuclear antigen (PCNA) reactions, sections from the 
aorta were taken on positive slides and immunostained using a 
standard avidin biotin peroxidase complex system. Endothelin 
staining was performed using specific antibodies (Pierce #MA3-005: 
1:200; Abcam #117757: 1:450) (20), and PCNA staining was 
performed using an anti-PCNA mouse monoclonal antibody (cat. no. 
ab29; 1:200; Abcam, Cambridge, MA, USA) (21) followed by 
diaminobenzidine visualization (22). As a negative control, PBS 
replaced the primary antibody. A brown staining in the cytoplasm 
(endothelin) and nucleus (PCNA) indicates a positive reaction.

2.5 Morphometric study

The area percentage of endothelin and PCNA immunoreactions 
was measured using five immune stained slides of five different rats 
for each group. Images of immunostained cells were transferred for 
analysis to an Intel Core I3-based computer using VideoTest 
Morphology software (Saint Petersburg, Russia) with a built-in routine 
for area percent measurement.

2.6 Biochemical investigations

Aortic tissue homogenate content of Malondialdehyde (MDA) 
and total antioxidant capacity (TCA) were measured in nmol/g tissue 
and ng/mg protein, respectively (23) using the colorimetric kits with 
catalog numbers (cat. no. MD 2528) for MDA and (cat. no. # TA 25 
12) for TCA. Bio-Diagnostics, Dokki, Giza, Egypt supplied both kits. 
Furthermore, the oxidative stress index (OSI) was calculated as 
follows: OSI (arbitrary unit) = MDA /TAC X 100 (24).

The nitric oxide (NO) level in the tissue homogenate was also 
estimated by the colorimetric method (Nitric Oxide Assay Kit, Abcam 
Co., Boston, MA, USA, ab272517), and the results were expressed as 
μmol/L Ghoneim et al. (94). According to the manufacturer’s 
instructions, the aortic homogenate concentration of 8-OH-dG was 
quantified using an ELISA kit (FineTest, Rat 8-OHdG 
(8-Hydroxydeoxyguanosine)- ELISA Kit, Catalog no.: ER1487-HS) (18).

The expression of the Nrf2/ARE protein was estimated using An 
Enzyme-Linked Immunosorbent assay (Abcam, Nrf2 Transcription 
Factor Assay Kit; Catalog No.: ab207223, UK). The procedure followed 
the manufacturer’s guidelines, and absorbance was measured with an 
ELISA plate reader at 450 nm, using 665 nm as a reference wavelength.

2.7 Molecular studies

Protocol for RNA extraction was described previously (17, 25). The 
“rats” primer sequences used are presented in Table 1. GAPDH was used 
as an internal control to normalize the expression of the analyzed genes.

2.8 Statistical analysis

Data analysis was conducted using GraphPad Prism version 10.2.1. 
A one-way ANOVA followed by Tukey’s post-hoc test was employed 
to compare quantitative parametric data. The Pearson correlation 
coefficient (r) assessed linear relationships between parameters. Results 
are presented as the mean ± standard error of the mean (SEM), with a 
p-value below 0.05 considered statistically significant.

3 Results

3.1 Effect of LCHF diet on the 
anthropometric parameters and HOMA-IR

This study is part of a large project, and anthropometric 
parameters and HOMA-IR were previously described by Alnami et al. 
(16) and Bima et al. (17). In Summary, the Dexamethasone group 
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(DEX group) exhibited a marked increase in BMI and HOMA-IR 
levels, confirming the in-duction of metabolic syndrome traits 
(p < 0.0001 and p < 0.001, respectively). Conversely, the DEX + LCHF 
diet significantly mitigated these increases, highlighting its protective 
potential against insulin resistance and metabolic syndrome (p < 0.01 
for BMI reduction; p < 0.001 for HOMA-IR decrease). The 
DEX + HCLF group saw an exacerbation of these markers, further 
emphasizing the detrimental metabolic effects of a high-carbohydrate, 
low-fat diet (p < 0.01 for BMI increase; p < 0.001 for 
HOMA-IR elevation).

3.2 Effect of LCHF diet on endothelial 
dysfunction and oxidative stress

Hematoxylin and eosin (H&E) staining revealed distinct 
histological features across the different groups. In the control group, 
the aortic structure showed typical features, with the tunica intima, 
tunica media, and tunica adventitia clearly demarcated. The tunica 
intima was lined with endothelial cells, the media was composed of 
smooth muscle fibers with wavy elastic fibers, and the adventitia 

featured slightly dense connective tissue (Figure 1A). In contrast, the 
DEX group showed histological alterations with the presence of giant 
multinucleated cells and foam cells, along with plump nuclei of some 
smooth muscle fibers of the tunica media indicative of vascular 
inflammation and atherosclerosis (Figure  1B). The DEX + LCHF 
group displayed a restoration toward normal aortic morphology, albeit 
with the presence of round nuclei in some smooth muscle fibers of the 
tunica media (Figure 1C). DEX + HCLF Group exhibited significant 
degenerative changes, including endothelial cell loss, smooth muscle 
cell distortion, and inflammatory cells in the tunica adventitia 
(Figure 1D).

Immunohistochemical staining for Endothelin and PCNA showed 
varied expressions among the groups. The control group had negative 
to weak endothelin and negative PCNA-immune reactions observed 
in the cytoplasm of the endothelial cells and the nuclei of the smooth 
muscle fibers of the tunica media, respectively (Figures 2A,B). The 
DEX group demonstrated strong dark brown endothelin and PCNA-
immune reactions in the cytoplasm of the endothelial cells and the 
nuclei of the smooth muscle fibers of the tunica media, respectively 
(Figures 2C,D). Conversely, the DEX + LCHF group showed weak to 
moderate expressions, suggesting partial protection from 

TABLE 1 The primer sequences of the analyzed genes.

Gene The primer sequence Reference

Endothelin
Forward 5′- CAACCAGACACCGTCCT CTT-3’

(91)
Reverse 5′- CTTGGAAAGCCACAAACAGC-3’

eNOS
Forward 5′- ACCGCCACACAGTAAATCCA-3′

(25)
Reverse 5′- TGCCAACAGGAAGCTGAGAG-3′

Nrf-2 α
Forward 5′- CACATC CAG ACA GAC ACC AGT-3’

(92)
Reverse 5′- CTA CAA ATG GGA ATG TCT CTG C -3’

p62
Forward 5′-TCCCTGTCAAGCAGTATCC-3′

(93)
Reverse 5′-TCCTCCTTGGCTTTGTCTC-3′

LC3
Forward 5′-CCTGCTGCTGGCCGTAGT-3′

(94)
Reverse 5′- TGATGAAGTCTTCCTGCCAAAA-3′

BECN-1
Forward 5′- AGCACGCCATGTATAGCAAAGA −3′

(94)
Reverse 5′- GGAA-GAGGGAAAGGACAGCAT −3`

PINK1
Forward 5′- CCC ACA CCC TAA CAT CAT CC -3`

(95)
Reverse 5′- CTG CTC CTC AAG GTA CTG GC -3’

CHOP
Forward 5′- GAAAGCAGAAACCGGTCCAAT −3′

(94)
Reverse 5′- GGATGAGATATAGGTGCCCCC -3′

BNIP3
Forward 5′- TCTGGACGAAGCAGCTCCAA −3′

(96)
Reverse 5′- CCAAAGCTGTGGGTGTCTATTTCA −3′

PCNA
Forward 5′- CTCACGTCTCCTTAGTGCAGCTT-3′

(97)
Reverse 5′- CGATCGCAGCGGTATGTGT −3′

GAPDH
Forward 5′- TCC CTC AAG ATT GTC AGC AA −3’

(98)
Reverse 5′- AGA TCC ACA ACG GAT ACA TT −3’
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DEX-induced effects (Figures 2E,F). The DEX + HCLF group exhibited 
moderate to strong expressions, reflecting ongoing cellular stress and 
pathology (Figures 2G,H). The mean area % of endothelin and PCNA 
reaction in all groups was presented (Figures  2I,J). There was a 
significant increase in endothelin and PCNA reaction in the DEX and 
DEX + HCLF groups compared with the control group, whereas 
insignificant increases in the DEX + LCHF group compared with 
the control.

The molecular gene expression further confirmed pathological 
changes indicative of endothelial dysfunction and oxidative stress. 
Dex + LCHF showed a downregulation of the expression of Endothelin 
and PCNA compared to the DEX group (p < 0.0001). In contrast, the 
DEX + HCLF group had similar or higher expression of PCNA and 
Endothelin, respectively, compared to the DEX group (Figures 3A,B). 
In contrast, the DEX + LCHF group showed an upregulation of 
Nuclear factor erythroid 2-related factor 2 α (NrF-2α) and endothelial 
nitric oxide synthase (eNOS) (p < 0.0001), while the DEX + HCLF 
group had similar or lower expression compared to DEX group 
(Figures 3C,D).

Measuring tissue homogenate level of oxidative stress markers 
showed that the DEX+ LCHF group had a decrease in the tissue 
malondialdehyde (MAD), 8-hydroxy-2′-deoxyguanosine (8-OH-dG), 
and oxidative stress index (OSI) levels (p < 0.0001) while the level of 
total antioxidant capacity (TAC), NO, and NRF-2α was increased in 
comparison to DEX group (p < 0.0001) (Figure 4). The HCLF diet 
failed to confer similar protective effects, showing values similar to 
those of the DEX group.

3.3 Effect of LCHF diet on autophagy and 
ER stress

DEX treatment disrupted autophagy, shown by increased 
expression of the p62, LC3, and BECN-1 genes. DEX + LCHF showed 
almost normal levels of these gene expressions, with a significant 
decrease compared to the DEX group (p < 0.0001), indicating 
enhanced cellular homeostasis (Figure 5). Similarly, ER stress markers 
were normalized in the DEX + LCHF group compared to increased 
gene expression in the DEX and DEX + HCLF groups (p < 0.0001 for 
PINK1, CHOP, and BNIP3) (Figure 6).

To further confirm the impact of diets on ER stress and autophagy, 
the electron microscopy study of the aorta revealed varying 
ultrastructural changes across the four groups. In the control group, 
the aorta displayed a normal ultrastructure with endothelial cells 
characterized by euchromatic nuclei and a cytoplasm containing 
rough endoplasmic reticulum, mitochondria, and a few lysosomes, all 
separated from the tunica media’s smooth muscle fibers by the 
internal elastic lamina, with the subendothelial connective layer 
housing collagen fibers (Figure  7A). Conversely, the DEX group 
presented endothelial cells with shrunken heterochromatic nuclei, a 
cytoplasm with numerous lysosomes, autophagosomes, and dilated 
rough endoplasmic reticulum with fewer attached ribosomes, 
together which indicates cellular stress, including ER stress and 
autophagic activity (Figure 7B). The DEX + LCHF group appeared to 
mitigate these changes, with endothelial cells showing an 
ultrastructure nearly identical to the control group, including 

FIGURE 1

A Photomicrograph of sections in the aorta stained with H&E. (A). In the control group, the wall of the aorta consists of very thin tunica intima lined by 
endothelial cells (arrows), tunica media which is formed of wavy elastic fibers (crossed arrows), and smooth muscle fibers (curved arrows) with large 
oval nuclei and tunica adventitia (AV) which is composed of slightly dense connective tissue. (B). In the DEX-treated group, there are giant 
multinucleated cells (G), foam cells (F), and plump nuclei (P) of some smooth muscle fibers of the tunica media. (C). In the DEX  +  LCHF treated group, 
the aorta is improved apart from round nuclei (arrowheads) of some tunica media smooth muscle fibers. (D). In the DEX  +  HCLF treated group, some 
endothelial cells are lost (arrow), and others are shed into the lumen (arrowheads) of the aorta. In the tunica media, there is the disorientation of the 
smooth muscle cells with the presence of giant multinucleated cells (G), foam cells (F), and apoptotic cells (A) with dark pyknotic nuclei. Inflammatory 
cells (I) are seen in the tunica adventitia (AV).
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FIGURE 2

A photomicrograph of sections of the aorta immunohistochemically stained with Endothelin and PCNA. (A). The control group shows negative 
(arrowheads) to weak (curved arrow) endothelin expression in the cytoplasm of the endothelial cells and (B). Negative PCNA expression (arrowhead) in 
the nuclei of the smooth muscle fibers of the tunica media. (C) DEX group showing strong dark brown (arrows) expression of Endothelin (C) and PCNA 
(D). DEX  +  LCHF group shows weak (curved arrows) to moderate (crossed arrows) expression of Endothelin (E) and PCNA (F). DEX+ HCLF group 
showing moderate (crossed arrows) to strong dark brown (arrows) expression of Endothelin (G) and PCNA (H). (I,J) represent the mean area % of 
Endothelin and PCNA expression. Data were expressed as mean  ±  SEM. Statistically significant if *p  ≤  0.05: **p < 0.01: ***p < 0.001: ****p < 0.0001.

euchromatic nuclei and a cytoplasm with normal rough endoplasmic 
reticulum, a few lysosomes, and mitochondria (Figure 7C). On the 
other hand, DEX + HCLF endothelial cells exhibited shrunken nuclei. 
They were partially separated from the subendothelial connective 
tissue layer, with autophagosomes, dilated rough endoplasmic 
reticulum with fewer attached ribosomes, and vacuoles in the 
cytoplasm (Figure 7D).

Pearson’s coefficient r was measured for all parameters, including 
HOMA-IR, fasting plasma insulin, and glucose. A strong positive 
correlation was found between HOMA-IR, insulin, glucose, 
Endothelin, PCNA, MDA,8-OH-dG, p62, LC3, PINK1, BECN-1 
CHOP, and BNIP3 (Figure 8 Blue). In contrast, a strong negative 
correlation was found with eNOS, NO, Nrf-2α, and TAC (Figure 8 

white). This indicates a relationship between impaired insulin 
signaling and dysregulated glucose metabolism with ER stress 
pathways and autophagy.

4 Discussion

Endothelial dysfunction and insulin resistance, including insulin 
resistance-related morbidities such as metabolic syndrome, diabetes 
mellitus Type II (T2DM), and obesity, are linked in a complex and 
reciprocal manner. Therefore, insulin resistance is associated with 
increased susceptibility of patients to atherosclerotic-related 
cardiovascular and cerebrovascular complications, such as cerebral 
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stroke and coronary artery disease (26, 27). Using the DEX-induced 
metabolic syndrome model, we  confirm the link between insulin 
resistance and endothelial dysfunction and show the impact of LCHF 
in preventing endothelial dysfunction with its associated ER stress 
and autophagy.

The primary explanation for the link between insulin resistance 
and vascular endothelial dysfunction is impaired insulin action due to 
receptor resistance and its consequent hyperinsulinemia. Under 
normal conditions, insulin activates downstream signaling through 
insulin receptor (IR) substrate 1/2 (IRS-1/2) and phosphatidylinositol 
3-kinase (PI3K) in endothelial cells. This leads to the activation of 
endothelial nitric oxide synthase (eNOS), resulting in nitric oxide 
(NO) production and vasodilation (28). Further, insulin stimulates the 
Ras/mitogen-activated protein kinase (MAPK) signaling pathway, 
enhancing the vasoconstrictor peptide endothelin-1 (ET-1) 
expression. In insulin resistance, these physiological actions of insulin 
are impaired. Increased vascular tone stemming from ET-1 is 
associated with sympathetic vasoconstriction, which counteracts 
NO-mediated vasodilation during hyperinsulinemia.

Furthermore, reducing insulin-induced dilation and blood flow 
are characteristic features of insulin resistance-related morbidities 
such as T2DM and obesity (29). Another mechanism is the shedding 
of the insulin receptors (IR) from the endothelial surface, which leads 

to compromised overall insulin signaling pathways, such as 
impairment of IRS-PI3K-Akt insulin pathway by TRAF3IP2-mediated 
activation of JNK and IKKβ, in addition to overactivation of the 
MAPK-ET-1 pathway (30). The endothelial dysfunction in the insulin 
resistance state is exacerbated by a decrease in blood and oxygen 
supply, leading to a defense mechanism overexpression of endothelial 
cell PCNA (31, 32), which was prominent in the current study.

Oxidative stress is crucial in developing endothelial dysfunction 
in insulin resistance (33, 34). This study confirmed this role by 
showing increased MDA, 8-OH-dG, and OSI levels and decreased 
TAC, NO, and Nrf-2α levels. Additionally, eNOS and Nrf-2α mRNA 
expression was downregulated in the DEX-induced metabolic 
syndrome group compared to the control group.

Oxidative stress leads to oxidative alterations in the arterial wall, 
disrupting intracellular redox homeostasis and causing cellular 
damage and endothelial cell dysfunction (35). The pathophysiological 
mechanisms by which oxidative stress induces endothelial 
dysfunction include reducing eNOS expression and de-creasing NO 
bioavailability (36). This reduction leads to exaggerated 
vasoconstriction and induces proinflammatory and thrombotic status 
(37). ROS-induced inflammation also contributes to endothelial 
dysfunction by activating NF-κB which translocated to the nucleus 
and activates its target genes involved in endothelial dysfunction, 

FIGURE 3

LCHF and HCLF impact on the gene expression of endothelial dysfunction markers (A) Endothelin gene expression; (B) PCNA gene expression; and 
(C) Nrf-2α gene expression. (D) eNOS gene expression. Y axis of gene expression (Fold expression relative to control). Data were expressed as 
mean  ±  SEM. DEX, DEX  +  LCHF, and DEX  +  HCLF groups. Statistically significant if *p  ≤  0.05: **p < 0.01: ***p < 0.001: ****p < 0.0001.
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FIGURE 4

LCHF and HCLF impact on oxidative stress markers in aortic tissue homogenate. (A) Tissue Malondialdehyde (MDA); (B) total Antioxidant Capacity 
(TAC); (C) Oxidative stress Index (D) Tissue 8-OH-dG. (E) Tissue Nitric Oxide (NO). (F) Tissue Nrf-2 α/ARE. Data were expressed as mean  ±  SEM. DEX, 
DEX  +  LCHF, and DEX  +  HCLF groups. Statistically significant if *p  ≤  0.05: **p < 0.01: ***p < 0.001: ****p < 0.0001.

FIGURE 5

LCHF and HCLF diets impact on Autophagy markers. (A) p62 gene expression; (B) LC3 gene expression; and (C) BECN-1 gene expression. Y axis of 
gene expression (Fold expression relative to control). Data were expressed as mean  ±  SEM. DEX, DEX  +  LCHF, and DEX  +  HCLF groups. Statistically 
significant if *p  ≤  0.05: **p < 0.01: ***p < 0.001: ****p < 0.0001.

such as cell adhesion molecules (VCAM-1 and ICAM-1) and 
inflammatory mediators like IL-6 and TNF-α Moreover, ROS-induced 
mitochondrial dysfunction of endothelial cells is an important 
mechanism. Excessive ROS can harm the mitochondria and lead to 
mitochondrial damage and dysfunction, accelerating ROS-induced 
endothelial dysfunction (38, 39). Recently, it has been reported that 
endothelial cell senescence induced by oxidized low-density 
lipoprotein (ox-LDL) plays a crucial role as a mediator of endothelial 
damage in metabolic syndrome-related oxidative stress. ROS in 
ox-LDL-of endothelial cells increases the production of senescence-
associated β-galactosidase (SA-β-gal) with concomitant 

downregulating CREB/Nrf2 antioxidant signaling with induction of 
cell senescence (40). Furthermore, endothelial cell apoptosis is 
markedly enhanced by oxidative stress (41, 42).

Autophagy is an essential mechanism for supporting cellular 
homeostasis due to its ability to degrade and remove misfolded 
proteins, damaged organelles, and pathogens (43). Autophagy is a 
defense mechanism against cellular stresses, such as nutrient 
deficiencies, caloric restriction, and oxidative stress injury. Thus, it acts 
as a stress response that promotes cell survival in unfavorable 
conditions (44). Therefore, autophagy dysregulation is associated with 
pathological conditions, including metabolic disorders (45), notably 
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FIGURE 6

LCHF and HCLF diets impact on ER stress markers. (A) PINK1 gene expression; (B) CHOP gene expression; and (C) BNIP3 gene expression. Y axis of 
gene expression (Fold expression relative to control). Data were expressed as mean  ±  SEM. DEX, DEX  +  LCHF, and DEX  +  HCLF groups. Statistically 
significant if *p  ≤  0.05: **p < 0.01: ***p < 0.001: ****p < 0.0001.

FIGURE 7

Electron micrographs of sections in the aorta. (A). In the control group, the endothelial cell of the tunica intima appears with an euchromatic nucleus 
(N), and its cytoplasm contains mitochondria (M), rough endoplasmic reticulum (R), and a few lysosomes (L). The subendothelial connective tissue 
layer shows collagen fibers (*). The internal elastic lamina (EL) separates the endothelial cell from the tunica media’s smooth muscle (SM) fibers. (B). In 
the DEX-treated group, the endothelial cell has a shrunken heterochromatic nucleus (n), and its cytoplasm shows numerous lysosomes (L), 
autophagosome (AP), dilated rough endoplasmic reticulum (R) with fewer attached ribosomes and mitochondria (M). (C). In the DEX  +  LCHF treated 
group, the endothelial cell appears nearly similar to the control group with a euchromatic nucleus (N), and its cytoplasm contains mitochondria (M), 
rough endoplasmic reticulum (R) and few lysosomes (L). (D). In the DEX  +  HCLF treated group, the endothelial cell has a shrunken nucleus (n), appears 
partially separated from the subendothelial connective tissue layer (*) and its cytoplasm shows vaccules (V) autophagosome (AP) and dilated rough 
endoplasmic reticulum (R) with fewer attached ribosomes. Notice the presence of the interna elastic lamina (EL) between the tunica intima and the 
tunica media.

https://doi.org/10.3389/fnut.2024.1467719
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org


Eldakhakhny et al. 10.3389/fnut.2024.1467719

Frontiers in Nutrition 10 frontiersin.org

FIGURE 8

Pearson’s correlations of all measured and calculated data in all studied rats. Blue indicates a strong positive correlation, and white suggests a strong 
negative correlation.

insulin resistance (46). Excessive nutrient consumption associated 
with oxidative stress can lead to mitochondrial dysfunctions that 
enhance mitophagy for selective clearance of the excess damaged 
mitochondria. This mechanism is vital in the pathophysiology of 
insulin resistance, as it helps maintain cellular energy balance and 
reduce oxidative damage, which is crucial for preserving insulin 
sensitivity (47).

In the current study, we identified an exaggerated expression of 
autophagy molecular markers p62, LC3, and BECN-1 mRNA in the 
aortic tissue sample of the metabolic syndrome group compared to the 
control group in addition to the appearance of autophagosomes by 
electron microscopic examination. These findings confirmed the 
cellular stress of aortic tissues in the metabolic syndrome group 
induced by insulin resistance and the above-discussed associated 
oxidative stress.

The microtubule-associated protein LC3 is induced by lipid 
accumulation in the insulin resistance state and consequently 
stimulates the progression of the autophagy process (44). LC3 is a 
receptor for adaptor protein p62/sequestosome 1 (SQSTM1), also 
known as p62, an interaction that promotes autophagosome 
formation. The autophagy pathway is completed by the fusion of 
lysosomes and autophagosomes, leading to the formation of 
autophagolysosomes and the degradation and recycling of their 
aggregated contents. Following this, p62 is degraded in 
autophagolysosomes, and consequently, its level is used to assess the 
efficiency and completion of the autophagy process (48). Similarly, the 
upregulation of BECN1 acts as a defense mechanism in insulin 
resistance. It has been reported that hyperactive BECN1 can activate 

autophagy in response to cellular stress caused by insulin resistance, 
helping to alleviate the pathology, enhance systemic insulin sensitivity, 
and regulate energy metabolism (49). The current findings regarding 
dysregulated autophagy supported those published before and stated 
that autophagy impairment contributes to vascular dysfunction and 
atherosclerosis pathogenesis by increasing cell death in aortic 
tissue (50).

Oxidative stress is known to be linked to autophagy stimulation 
and ER stress induction (51). Mitochondrial oxidative stress affects the 
transmission of redox signals through the mitochondrial-associated 
ER membrane. Consequently, mitochondria and ER activate the 
autophagic pathways to relieve oxidative stress damage (52, 53).

The current study showed similar results, where DEX treatment 
increased the expression of ER stress markers (PINK1, CHOP, and 
BNIP3). Additionally, electron microscopy of aortic tissue revealed a 
dilated rough endoplasmic reticulum with fewer ribosomes and 
mitochondria. These findings align with studies showing increased 
PINK1, CHOP, and BNIP3 biomarkers and ER stress in the insulin-
resistance state (54–58). It also showed the relation between ER stress 
and insulin resistance-related morbidities such as T2DM (59), obesity 
and lipotoxicity (60), non-alcoholic fatty liver disease (61), Alzheimer’s 
Disease (62), and polycystic ovary syndrome (63). It is also reported 
that prolonged ER stress promotes endothelial insulin resistance 
development and progression, demonstrating the reciprocal 
connection between both (64).

Investigating the potential protective role of the LCHF diet against 
insulin resistance-associated oxidative stress, autophagy dysregulation, 
and ER stress and their consequent aortic endothelial dysfunction was 
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the primary objective of this study, bringing novelty to the current 
work. In the current study, we investigated the potential protective 
effect of the LCHF diet against the endothelial dysfunction of 
metabolic syndrome at the histological, molecular, and 
biochemical levels.

LCHF, or the Ketogenic diet (KD), is characterized by insufficient 
glucose for body energy demands. Lipids serve as substrates for the 
hepatic production of ketone bodies (KB), especially β hydroxybutyrate 
(BHB), becoming the primary energy substrates. In addition, KBs can 
act as signaling molecules, employing multiple molecular and 
metabolic effects. These effects make KD an effective therapy for 
various diseases, including obesity, diabetes, and some cancers (65). 
Interestingly, the LCHF diet has been used recently in a clinical trial 
with marked improvement of some endothelial dysfunction 
markers (66).

The endothelium is the first-line tissue exposed to circulating 
KB. BHB has anti-inflammatory and antioxidative effects, which could 
help in understanding the role of BHB on the physiology of endothelial 
cell function and integrity. This fact supports the concept that BHB, at 
low concentrations (nutritional ketosis level), helps endothelial and 
vascular function in metabolic disease compared to KB levels 
observed in diabetic ketoacidosis, which contributes to the 
development of insulin-resistance-induced vasculopathy (67).

Low-dose KB also induces a shift from small and dense 
low-density lipoprotein to large and buoyant low-density lipoprotein. 
This shift is associated with lowering cardiovascular disease risk and 
protecting the vascular endothelium from the harmful effects of 
dyslipidemia (68).

Our findings indicate that the LCHF diet enhances epithelial 
integrity and protects against endothelial dysfunction. This is shown 
by the downregulation of Endothelin and PCNA and an increase in 
NO expression compared to the DEX group. Moreover, the LCHF 
protects the endothelium from insulin resistance-induced oxidative 
stress by preventing an increase in oxidative stress markers and 
significantly boosting total antioxidant capacity compared to the 
DEX group.

This result is supported by previous studies showing that an 
LCHF ketogenic diet induces nutritional ketosis, which decreases 
oxidative stress [54], although the exact mechanism remains 
elusive. Some mechanisms that explain the antioxidant effect of the 
LCHF include that βHB acts as a scavenger for hydroxyl radicals 
(•OH) (69) and upregulation of NRF-2 that modulates the 
expression of various genes involved in the antioxidant response 
such as glutamate-cysteine ligase catalytic subunit (GCLC), 
glutathione peroxidase, superoxide dismutase, catalase, and heme 
oxygenase (70) Our findings on NRF-2α and eNOS gene 
expressions further support its role in protecting against insulin 
resistance-related endothelial dysfunction induced by oxidative 
stress (71–73).

In the current study, the LCHF group of animals significantly 
displayed a lower expression of autophagy molecular markers p62, 
LC3, and BECN-1 mRNA in the aortic tissue samples compared to the 
DEX group, with levels like those of the control group. This was 
further confirmed by electron microscopy. These findings indicate 
enhanced cellular homeostasis due to the LCHF diet.

Autophagy is induced in response to increased cellular energetic 
demands by nutrient deprivation (autophagy inducer) in peripheral 

tissues and the brain (74). The KD mimics the biochemical actions of 
fasting-induced nutrient deprivation; thus, LCHF feeding has cellular 
responses parallel to those induced by intermittent energy restriction 
(75). KD restores autophagic activity, as evidenced by the 
downregulation of p62, LC3, and BECN-1 gene expression (76, 77), 
as detected in the current study. The downregulation of these 
autophagy markers observed in our study indicates marked release of 
the aortic tissue endothelial cell from the stressor induced by the 
insulin resistance effect and preservation of endothelial cell 
homeostasis to nearly normal metabolic adaptation by the LCHF 
ketogenic diet.

The discrepancy between the lower autophagy effect observed 
with LCHF in our study and the expected increase of autophagy by 
KB may be due to various conditions. The complex interplay between 
the diet’s metabolic effects and DEX’s hormonal modulation could 
result in altered cellular responses. For example, in Dex-induced 
stress, cells may respond differently to the LCHF compared to a 
non-stressed state, leading to alterations in autophagy expression. In 
addition, different tissues or cell types may respond differently to the 
metabolic and stress conditions induced by DEX and LCHF. Autophagy 
is also a dynamic process that can be regulated at different stages and 
is influenced highly by nutritional and energy status and duration, all 
of which can differ in various experimental conditions. Future studies 
could further investigate these pathways for a more comprehensive 
understanding of these complex interactions.

No significant difference exists between the LCHF and control 
groups, suggesting that the LCHF diet effectively regulates cellular 
homeostasis. It prevents excessive autophagy, which could harm 
endothelial cell function. This balanced autophagy may help maintain 
normal vascular remodeling in the arteries, indicating its 
protective role.

Korovila et al., 2021 observed downregulation of autophagy gene 
expression, notably, light chain 3B (LC3-I/LC3-II), Atg5, Atg5-Atg12 
complex, and p62  in the high-fat diet; however, their experiment 
investigated liver autophagy rather than blood vessels, as in our study 
(78). Similar to the current research, Liśkiewicz et al. (75) discussed 
the role of the LCHF diet by linking KD to improved cellular 
metabolism and mitochondrial biogenesis and protection against 
oxidative stress by modulating autophagy; though, their study was 
carried out on hippocampal and cerebrocortical autophagy (75).

Regarding the role of autophagy in vascular remodeling, 
autophagy has a dual effect on the vascular wall. It can employ 
protective and damaging effects on the vascular wall layers, including 
intima, media and adventitia, and the vascular endothelial cells. Thus, 
autophagy upregulation could influence vascular remodeling and 
insulin resistance-induced vascular diseases (79).

In addition, Guo et al. (80) reported a decreased expression of the 
p62 gene with increased autophagic vacuoles during vascular 
remodeling in metabolic diseases. They explained that it induces 
endothelium-dependent vasodilation, NO bioavailability, and reduces 
endothelial senescence. This p62 downregulation is crucial in 
preventing endothelial dysfunction (80).

In the LCHF-fed group, we found that the ER stress markers for 
PINK1, CHOP, and BNIP3 gene expression normalized compared to 
the exacerbated conditions in the DEX and DEX + HCLF groups. By 
electron microscopic examination, the rough endo-plasmic reticulum 
appeared within normal morphology with few lysosomes. Also, the 
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size and shape of the mitochondria were normal. These findings 
confirm our hypothesis that the LCHF ketogenic diet alleviates ER 
endoplasmic reticulum stress, which has been supported recently 
(81–83).

Montiel et al. (81) correlated ER stress and autophagy in the 
pathogenesis of insulin resistance-related comorbidities. They 
stated that autophagy is directly linked to the ER-produced (UPR), 
which is activated to restore cellular homeostasis and prevent 
pathological proteotoxicity (81, 84). The UPR is prompted by a low 
cellular energy state (85). The LCHF diet can cut this vicious cycle 
by providing the body with sufficient energy derived from the 
oxidation of KB ketone bodies. Consequently, it protects against ER 
stress (86).

Reduced carbohydrate intake in the LCHF diet leads to decreased 
demand for insulin, providing β-cells with transient rest and 
improving proinsulin processing within β-cells. This decreases protein 
processing activity in the ER, protecting it from the development of 
ER stress (87).

The antioxidant effect of the LCHF KD plays a role in preventing 
endothelial cells’ ER stress. It has been reported that ROS generated 
from mitochondrial fission can activate NLRP3 inflammasome, 
exacerbating ER stress and further impairing mitochondrial 
morphology and function (88). Thus, the antioxidant effect of the 
BHB produced during the LCHF diet aborts this ROS-induced ER 
stress (89).

To confirm the impact of the nonpharmacologic dietary 
intervention of the LCHF diet, we  investigated the dietary 
intervention of high-carbohydrates low-fat (HCLF) on a parallel 
group of rats with isocaloric values. The current study found that 
the HCLF diet significantly deteriorated all examined markers 
compared to the LCHF-fed animal. Oxidative stress, exaggerated 
autophagy, and endoplasmic reticulum stress markers were worse 
and reflected more exaggerated deterioration of endothelial 
dysfunction markers. HCLF-induced hyperinsulinemia could 
explain these effects (90).

The current findings underscore the important role of oxidative 
stress, autophagy dysregulation, and ER stress in the pathophysiology 
of endothelial dysfunction, which is a hallmark of several metabolic 
and cardiovascular diseases. For instance, insulin resistance, as seen 
in metabolic syndrome, exacerbates these cellular stress pathways, 
contributing to vascular damage. This study demonstrated the 
protective effects of the LCHF diet, signifying its potential therapeutic 
value for preventing endothelial dysfunction and for mitigating 
cardiovascular risks associated with metabolic syndrome, 
atherosclerosis, and possibly Type 2 diabetes. Translational studies 
could explore the application of the LCHF diet in these specific patient 
populations. These insights would provide a deeper mechanistic 
understanding and guide the development of targeted dietary 
interventions in clinical settings.

5 Conclusion

The interplay between oxidative stress, autophagy dysregulation, 
and ER stress is essential in the pathogenesis of insulin resistance-
induced endothelial dysfunction in the large arteries, notably the 
aorta. An LCHF diet protects against the insulin resistance state and 

its related comorbidities, including endothelial dysfunctions. The 
current study confirmed the role of the LCHF diet as an antioxidant, 
cellular autophagy modifier, and ER stress modulator at the 
biochemical, molecular, and histological levels with subsequent 
protection against endothelial dysfunction. Our study thus 
recommends using the LCHF ketogenic diet as a 
nonpharmacological dietary intervention for prophylactic and 
therapeutic management of insulin resistance-induced 
endothelial dysfunction.
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