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Editorial on the Research Topic

Lipid metabolism and human diseases

The metabolism of lipids is crucial to several functional processes in the body,

including the storage of energy, regulation of hormones, and transportation of nutrients.

These processes are disrupted when lipids become dysregulated, leading to lipid disorders.

The Research Topic, Lipid Metabolism and Human Diseases, presents a critical insight

into the latest advances and progress made in cardiovascular disease research. The

Research Topic featured eight original research articles and four reviews that advanced the

understanding of how lipid metabolism contributes to metabolic disorders.

The biology of lipoproteins and their roles in the progression of cardiovascular

disorders is well documented. Low-density lipoprotein (LDL) plays a central role during

cardiovascular homeostasis and primarily mediates the initiation and progression of

atherosclerotic cardiovascular disorders (ASCVD). LDL cholesterol (LDL-C) is the main

biological marker for LDL and remains the clinical target for ASCVD treatment, despite

the fact that ASCVD risks persist in some patients with moderate LDL-C levels (Cromwell

et al., 2007). LDL-C stands for cholesterol content in LDL particles (LDL-Ps). Qiao et al.,

in their article, exhaustively discussed the preference and precision of LDL-Ps over LDL-C

in the prognosis of ASCVDs. The prognostic accuracy of LDL-C is affected by variations

in lifestyle and drug intervention among individuals, which is why traditional lipid-

lowering drugs like statins significantly reduce LDL-C levels and less of LDL-P levels. The

article by Qiao et al. further outlined the atherogenic mechanisms of the action of LDL by

focusing on subclasses of LDL-Ps, including sdLDL and ox-LDL, summarized the

analytical techniques used for their measurement, and examined the advances in

using statins and PCSK9i as LDL-lowering therapies.

In addition to elucidating the molecular mechanisms of proteins and pathways

relevant to lipid metabolism, this Research Topic also covered the metabolic roles of lipids

in the pathogenesis of metabolism-associated fatty liver disease (MAFLD) (Jia et al.),

Alcohol-Associated Fatty Liver (Ferdouse and Clugston), Coronary Artery Ectasias (Liu
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et al.), Idiopathic Pulmonary Fibrosis (Geng et al.), and Prurigo

Nodularis (Chu et al.). MAFLD, previously known as non-

alcoholic fatty liver disease, occurs after significant

accumulation of fats in the liver without any clear cause, like

alcohol. Accumulation of triglycerides, impaired lipid

metabolism, liver fibrosis and cirrhosis, non-alcoholic

steatohepatitis (NASH), and in some cases, hepatocellular

carcinoma are some common outcomes of MAFLD (Yki-

Jarvinen et al., 2021). Of importance, MAFLD has been

shown to share similar pathophysiological mechanisms with

diabetes; however, establishing a common biomarker for both

comorbidities has been arduous and inconclusive. Jia et al., in

their study, have shown the suitability of monocyte to high-

density lipoprotein cholesterol ratio (MHR) as a novel

inflammatory biomarker. Through a rigorous and detailed

study, they have established that T2DM patients with higher

MHR have higher predisposition to be diagnosed with MAFLD.

Ferdouse and Clugston, in their article, proffered mechanistic

insights on the mechanisms leading to ALD initiation, with a

particular focus on hepatic lipid accumulation and the

development of fatty liver. The article also strengthened the

current understanding of how alcohol abuse impairs hepatic

lipid metabolism. Lipid metabolism was reviewed in several

transgenic models, including peroxisome proliferator-activated

receptor γ (PPARγ) transgenic mice, and knockout mouse

models of sterol regulatory element-binding protein 1

(Srebp1c), stearoyl–CoA desaturase-1 (SCD1), diglyceride

acyltransferase (DGAT), and perilipin-2 (PLIN2). The article

further highlighted the limitations associated with possible

gender-based bias in earlier studies of AFD and other

limitations like the use of low-fat/high carbohydrate Lieber-

DeCarli (LDeC) liquid diet that may affect hepatic lipid

accumulation pathways, and inducing whole body ablation of

specific genes that may affect whole body lipid and hepatic lipid

metabolism instead of liver specific knockouts.

Distinguishing the progression of coronary artery ectasia

(CAE) from coronary artery disease (CAD) has been subject

to extensive probing without any notable progress (Chou et al.,

2022). However, Liu et al., in their study, used a targeted

metabolomics approach to establish fatty acid biomarkers with

high diagnostic performance for CAE progression from CAD.

The study identified 35 promising metabolites of AA, EPA, and

DHA that showed significant differences between CAE and CAD,

out of which five of these biomarkers namely; 12-

hydroxyeicosatetraenoic acid (12-HETE), 17(S)-

hydroxydocosahexaenoic acid (17-HDoHE), EPA, AA, and 5-

HETE, after rigorous screening showed the highest specificity for

the diagnosis of CAE.

Idiopathic pulmonary fibrosis (IPF) is a fatal fibrotic

disorder with no known cause (Sartiani et al., 2022). Geng

et al. provided new insights into the role of fatty acid

metabolism in the development of pulmonary fibrosis. The

article provided extensive insights and expert opinions on the

profibrotic processes that occur in distinct fibroblasts,

macrophages, epithelial and lung cells. Aberrant fatty acid

metabolism in the lungs and the contributory mechanisms

leading to the overproduction of profibrotic lipids were well

elucidated. The study further discussed the development of

apoptosis and pro-fibrotic phenotypes in lung epithelial cells,

and provided insights into the links between dysfunctional

fatty acid metabolism and increased ER stress, macrophage

polarization, and cytokines-induced fibroblast differentiation

into myofibroblasts. In addition, some promising therapies

that target the fatty acid metabolic pathway in idiopathic

pulmonary fibrosis, and their possible mechanisms of action

were well elucidated. Prurigo nodularis (PN), another chronic

disease with unknown etiology, was also investigated by Chu

et al. to understand how the severity of PN affects the levels of

steroids. Using liquid chromatography-tandem mass

spectrometry, they quantified the levels of cortisol,

cortisone, testosterone, progesterone, and

dehydroepiandrosterone (DHEA) in PN patients, matched

to a control group. The study consistently showed a

relationship between the levels of cortisol and cortisone and

the severity of PN. This is the first study to demonstrate this

relationship, therefore further studies can now target these

biomarkers to achieve higher diagnostic accuracy for

monitoring PN progression.

The study of Cao et al. investigated if the distribution of

fatty acids in the sebum underpins the severity of acne among

adolescents. It is well documented that inflammatory response

and sebum production become elevated during acne. Earlier

studies validated the hypothesis that variations in fatty acid

distribution account for the inflammatory responses during

acne (Zouboulis et al., 2014). However, until the study of Cao

et al., the FA alterations in facial sebum remained to be clearly

studied. The findings of the study showed the likelihood of the

higher incidence of acne in females compared to males, may be

due to the unique differences in fatty acid alteration in the

facial sebum. Different anatomical sites in adult females

showed altered fatty acid composition that inflamed the

environment, mimicking the U-zone acne. These findings

indicate that the development of gender- and site-specific

therapeutic approaches for acne can target the levels of

these specific fatty acids.

In conclusion, this Research Topic broadly covered

various aspects of lipid metabolism and the consequences

of impaired lipid metabolism. Expert insights were provided

on the various pathophysiological mechanisms involved in the

initiation and progression of different diseases associated with

lipid metabolism, and in addition, current gaps in existing

studies were highlighted. This Research Topic will thus

become relevant in advancing both the current and future

directions in providing new therapies for lipid disorders and

the development of new diagnostic markers for lipid

disorders.
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Background: We used a targeted metabolomics approach to identify fatty acid (FA)
metabolites that distinguished patients with coronary artery ectasia (CAE) from healthy
Controls and patients with coronary artery disease (CAD).

Materials and methods: Two hundred fifty-two human subjects were enrolled in
our study, such as patients with CAE, patients with CAD, and Controls. All the
subjects were diagnosed by coronary angiography. Plasma metabolomic profiles of FAs
were determined by an ultra-high-performance liquid chromatography coupled to triple
quadrupole mass spectrometric (UPLC-QqQ-MS/MS).

Results: Ninety-nine plasma metabolites were profiled in the discovery sets (n = 72),
such as 35 metabolites of arachidonic acid (AA), eicosapentaenoic acid (EPA),
and docosahexaenoic acid (DHA), 10 FAs, and 54 phospholipids. Among these
metabolites, 36 metabolites of AA, EPA, and DHA showed the largest difference
between CAE and Controls or CAD. 12-hydroxyeicosatetraenoic acid (12-HETE), 17(S)-
hydroxydocosahexaenoic acid (17-HDoHE), EPA, AA, and 5-HETE were defined as a
biomarker panel in peripheral blood to distinguish CAE from CAD and Controls in a
discovery set (n = 72) and a validation set (n = 180). This biomarker panel had a better
diagnostic performance than metabolite alone in differentiating CAE from Controls and
CAD. The areas under the ROC curve of the biomarker panel were 0.991 and 0.836
for CAE versus Controls and 1.00 and 0.904 for CAE versus CAD in the discovery and
validation sets, respectively.

Conclusions: Our findings revealed that the metabolic profiles of FAs in the plasma from
patients with CAE can be distinguished from those of Controls and CAD. Differences in
FAs metabolites may help to interpret pathological mechanisms of CAE.

Keywords: plasma metabolomic profiles, coronary artery ectasia, biomarkers, coronary artery disease, fatty acid
metabolites
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BACKGROUND

Coronary artery ectasia (CAE) is characterized as a diffuse,
saccular, irregular, or fusiform dilation of the coronary arteries
exceeding 1.5-fold the diameter of the normal adjacent
vessel (Eitan and Roguin, 2016). The incidence of CAE was
estimated to be 0.5–5%, with male predominance (Yetkin and
Waltenberger, 2007). Previous studies reported that coronary
luminal enlargement was considered an important reason for
angiographic stigmata of impaired blood flow, such as sluggish
circulation, swirling, strikingly slow, and scattered clearance of
contrast material (Kruger et al., 1999). Indeed, some authors
illustrated evidence of stable angina, positive treadmill test,
increased levels of biochemical markers, or even myocardial
infarction in isolated CAE without obstructive coronary artery
disease (CAD), 38.7% of patients with isolated CAE were
reported as having a history of myocardial infarction in the
corresponding myocardial territory (Demopoulos et al., 1997;
Sayin et al., 2001; Manginas and Cokkinos, 2006). More recently,
in 2017, Takahito Doi’s study found that the patients with
isolated CAE had a significantly higher risk for cardiovascular
events than patients without CAE (Doi et al., 2017). Besides,
massive enlargement of the coronary artery cannot only result in
compression of adjacent structures, vasospasm, thrombosis, and
dissection, but also aneurysm rupture, albeit rare can cause acute
cardiac tamponade (Kawsara et al., 2018). Therefore, it is clear
that CAE, especially the giant ones, is not a benign disease.

Management of patients with CAE remained significant
challenge for several reasons: the pathogenesis of CAE is largely
unknown. Previous studies showed that 70–80% of CAE were
attributed to atherosclerosis and genetic factors, whereas only 10–
20% of CEA were associated with inflammatory or connective
tissue diseases. Although degradation of the extracellular matrix,
nitric oxide dysfunction, and abnormal matrix metalloproteinase
activity was recognized as causes of CAE, detailed pathological
mechanism still remains unclear (Bergman et al., 2007; Eitan
and Roguin, 2016). Also, most CAEs are clinically silent and are
only detected incidentally during coronary angiography or CT,
while clinically symptomatic isolated CAE-induced myocardial
infarction needs to perform percutaneous coronary interventions
(Yip et al., 2002). Besides, no specific biomarker for CAE has
yet been found, which also represents a huge barrier for further
understanding of the mechanisms of CAE (Li et al., 2009).

Fatty acids (FAs) and metabolites played a critical role
in the pathogenesis of CAE. Usama Boles’s study found
that serum FA metabolites were different in isolated CAE
compared to atherosclerosis in mixed CAE, which suggested
potentially specific pathophysiology in isolated CAE (Boles et al.,
2017). Besides, abnormal FA metabolisms in plasma suggested
alterations in lipid signaling in patients with CAE, especially in
arachidonic acid (AA) and its metabolites (Zhang et al., 2014).
Lipid signaling in the AA cascade is important for regulating
some important biological processes, such as inflammation,
blood flow, and plaque formation (Buczynski et al., 2009; Watkins
and Hotamisligil, 2012). In addition to lipid signaling, FA
metabolites, as a component of the phospholipid membrane,
play an important role in cell signal transduction (Zeldin, 2001).

Furthermore, a previous study showed that polyunsaturated
FAs from P-450 metabolites of FAs could also regulate cardiac
function and vascular tone (Roman, 2002).

Based on the important roles of FA metabolites in CAE
formation, a targeted metabolomics approach was used to
discover and subsequently validate the metabolic signatures of
these FAs in plasma and to assess the performance of a biomarker
signature to distinguish patients with CAE from healthy Controls
and patients with CAD, which provided a theoretical basis for
further interpreting pathological mechanism of CAE.

MATERIALS AND METHODS

Detailed methods are available in the online-only data
Supplementary Material.

RESULTS

Study Design and Baseline Patient
Characteristics
Two hundred and fifty-two participants were enrolled in the
discovery and validation sets. The discovery sets included 72
participants, i.e., 24 participants with CAE and 48 sex-, age-
and body mass index (BMI)-matched Controls and participants
with CAD. For patients with CAD, the percentages of single-,
double-, and multiple-vessel CAD were 29.16, 8.33, and 20.83%,
respectively. The patients with CAE were diagnosed by coronary
angiography, and CAE was defined as a localized dilatation in
the diameter of a coronary artery segment that exceeded the
luminal area of the adjacent normal coronary vessels by 1.5-
fold. Controls were determined to not have CAE by coronary
angiography. The baseline characteristics of the discovery sets
are shown in Table 1. Validation sets included 180 participants,
and the baseline characteristics of the participants are shown in
Supplementary Table 2. The workflow of the study is presented
in Figure 1.

Metabolic Profiles of Fatty Acids in
Plasma From Different Subjects
To evaluate differences in FA metabolisms between subjects with
CAE versus Controls or patients with CAD, we first performed
metabolic profiling of FAs in plasma from different subjects.
In total, 99 plasma metabolites were profiled in the discovery
sets (n = 72), such as 35 metabolites of AA, eicosapentaenoic
acid (EPA), and docosahexaenoic acid (DHA), 10 FAs, and 54
phospholipids (Figure 2A). For 35 metabolites of AA, EPA, and
DHA, a total of 28 and 29 metabolites were significantly different
between CAE versus Controls and CAE versus CAD, respectively
(P < 0.05), although no significantly different metabolites
were found between CAD versus Controls (Figure 2B and
Supplementary Table 3). A total of 10, 5, and 3 phospholipids
were significantly different between CAE versus Controls, CAE
versus CAD, and CAD versus Controls, respectively (P < 0.05;
Supplementary Table 4). A total of 3 and 4 FAs were
significantly different between CAE versus Controls and CAE
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TABLE 1 | Baseline characteristics of patients in the discovery sets.

Controls CAD CAE p Value for trend

n 24 24 24

Age, yrs 54.42 ± 10.15 53.96 ± 11.17 54.58 ± 9.86 0.484

Men, % 66.7 66.7 66.7

BMI, kg/m2 26.25 ± 2.83 26.08 ± 3.11 26.67 ± 2.87 0.272

SBP, mm Hg 124.6 ± 14.86 128.2 ± 17.56 131.6 ± 20.46 0.350

DBP, mm Hg 79.29 ± 9.26 77.656 ± 12.36 82.38 ± 13.18 0.264

TC, mmol/L 4.19 ± 0.94 4.00 ± 1.09 4.15 ± 1.34 0.260

TG, mmol/L 1.41 ± 0.55 1.67 ± 1.08 1.53 ± 0.63 0.0043

HDL-C, mmol/L 1.12 ± 0.48 1.18 ± 0.87 0.99 ± 0.30 <0.0001

LDL-C, mmol/L 2.67 ± 0.90 2.52 ± 0.84 2.77 ± 1.17 0.248

Glucose, mmol/L 5.62 ± 1.55 5.83 ± 1.35 5.38 ± 1.08 0.240

Cigarette smoking, % 0.153

Never 39.13 62.5 37.5

Current 60.89 37.5 62.5

Alcohol intake, % 0.252

Never 52.17 79.17 60.54

Current 47.83 20.83 39.46

Hypertension history, % 66.67 62.50 70.83 0.829

DM history, % 12.50 12.50 8.33 0.869

Age, body mass index (BMI), Systolic (SBP) and diastolic (DBP) blood pressure, glucose, and TC values are given as means (±SD); TG values are medians (range), and
the number of individuals (n) with percentage (n/N) are indicated. DM indicates Diabetes Mellitus. Body mass index is calculated as individual’s body weight divided by
the square of individual’s height.

FIGURE 1 | Design of the study.

versus CAD, respectively (P < 0.05), however, no significantly
different metabolites were found between CAD versus Controls
(Supplementary Table 5). Therefore, 35 metabolites of AA,
EPA, and DHA were emerged as the metabolites with the most
significant differences between CAE and Controls or CAE and
CAD compared with phospholipids and FAs.

Defining of a Potential Metabolic
Biomarker for Coronary Artery Ectasia
Principal component analysis (PCA) score plots revealed that
subjects with CAE were separated from Controls and subjects

with CAD (Figure 3A). Fourteen and 15 metabolites with
VIP (variable importance in projection) value > 1 on two
principal components were found as important metabolites
for distinguishing CAE from Controls and CAD, respectively
(Figure 3B and Supplementary Table 6). Eight metabolites were
screened as biomarker candidates via overlapping VIP value
and P-value (Figure 3C). These metabolites were significantly
increased in serum of patients with CAE compared with patients
with CAD and Controls (Figure 3D). To further validate the
eight biomarker candidates screened from the discovery sets,
an independent validation set (n = 180) was used, and these
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FIGURE 2 | Metabolic profiles of lipids in plasma from different subjects. (A) Comparison of 99 plasma metabolites concentrations in 72 discovery sets. (B) Fold
change of 99 plasma metabolites in 72 discovery sets.

metabolites were detected by target metabolomics. The following
criteria were satisfied to screen useful biomarkers: (1) P< 0.05 for
CAE versus Controls and CAE versus CAD, respectively; and (2)
having the same change trend as the discovery sets. Finally, five
metabolites were screened: 12-hydroxyeicosatetraenoic acid (12-
HETE), 17(S)-hydroxydocosahexaenoic acid (17-HDoHE), EPA,
AA, and 5-HETE (Supplementary Table 7).

Validation of the Diagnostic Performance
of the Biomarker Panel for Coronary
Artery Ectasia
To further validate the diagnostic performance of the biomarker
panel for CAE, a validation set (n = 180) was used. The
serum concentrations of the biomarker panel are shown in
Figure 4A. Biomarker panels were used to validate the diagnostic
performance via a logistical regression model. The results showed
that the biomarker panel had better diagnostic accuracy than
signal metabolites for CAE. The areas under the ROC curve
of the biomarker panel were 0.991 and 0.836 for CAE versus
Controls, 1.00 and 0.904 for CAE versus CAD in the discovery
and validation sets, respectively (Figure 4B and Table 2).

DISCUSSION

In our study, a target metabolomics approach was employed to
analyze the metabolic profile characteristics of FAs in patients
with CAE. PCA analysis showed good discrimination of CAE
from Controls or CAD in the discovery sets by using 36
metabolites of AA, EPA, and DHA. Overall, a biomarker panel,
such as 12-HETE, 17-HDoHE, EPA, AA, and 5-HETE, was

identified for distinguishing CAE from Controls and CAD in
the discovery. The diagnostic activity of the biomarker panel for
distinguishing CAE from CAD and Controls was verified in the
validation sets.

Although approximately half of CAE occurred due to
atherosclerosis, a minority of cases was observed in the absence
of a significant atherosclerotic lesion (Bilik et al., 2015). Patients
with isolated CAE exhibited distinct clinical characteristics, such
as more frequent involvement of the right coronary artery
and a lower frequency of stent implantation (ElGuindy and
ElGuindy, 2017). Moreover, patients with CAE coexisting with
CAD had no additional risk of cardiovascular events compared
to those with CAD only, however, even patients with isolated
CAE had a significantly increased risk for cardiovascular events
due to slow coronary blood flow, microemboli or thrombosis
(Yetkin and Waltenberger, 2007). Besides, Usama Boles’s study
found that serum lipid profiles were different in isolated CAE
compared to atherosclerosis in mixed CAE, which suggested
potentially specific pathophysiology in isolated CAE (Boles et al.,
2017). Therefore, it is not fully justified to conclude that CAE
is a subtype of coronary atherosclerosis. However, the clinical
presentation of CAE and CAD was similar, such as ischemic
cardiomyopathy, unstable angina, and myocardial infarction.
Therefore, healthy subjects and patients with CAD as Control
were enrolled in our study, which was helpful to improve the
accuracy and specificity of our results.

Unsaturated FAs and metabolites as potent endogenous
mediators were involved in regulating various biological
processes, such as inflammation, pain, and blood coagulation
(Schuchardt et al., 2013). AA (C20:4) as omega-6 FAs, EPA
(20:5 n-3), and DHA (22:6 n-3) as omega-3 FAs were essential
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FIGURE 3 | Defining of a potential metabolic biomarker for CAE. (A) Score plot of the first (PC1) and second (PC2) PCs (horizontal and vertical axes, respectively)
from principal component analysis of arachidonic acid metabolites in discovery sets. (B) VIP value of metabolites from PCA analysis in discovery sets. (C) Venn
diagram shows an overlap between metabolites with VIP value > 1 and P-value < 0.05. (D) Fold change of eight serum metabolites from C in discovery sets. CAE,
coronary artery ectasia; PCA, principal component analysis.

polyunsaturated FA and rely largely on the dietary intake
for low conversion rate in adult (Brenna et al., 2009). AA,
DHA, and EPA were catalyzed by lipoxygenases to form regio-

and stereo-selective hydroperoxides and then were reduced
to HETEs, HDoHE, and HEPEs (hydroxy-6E,8Z,11Z,14Z,17Z-
eicosapentaenoic acid), respectively (Brash, 1999). Previous
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FIGURE 4 | Validating the diagnostic performance of the biomarker panel for CAE. (A) Serum concentrations of a defined biomarker panel in the discovery and
validation sets. (B) ROC curves of biomarker panel and signal metabolites in discovery sets and validation sets. CAE, coronary artery ectasia.

studies showed that those oxylipins not only serve as precursors
for leukotrienes and hepoxylins that played a critical role
in regulating inflammation reaction and coagulation process,
but also themselves and downstream products, such as oxo-
ETE (oxo-6E,8Z,11Z,14Z-eicosatetraenoic acid) from HETEs
could regulate various biological processes via G protein-
coupled receptors pathway (Powell and Rokach, 2013). In
our study, a significant increase in serum 12-HETE, 17-
HDoHE, EPA, AA, and 5-HETE level was found in patients

with CAE compared with patients with CAD and Controls,
moreover, those metabolites as biomarker panel could be used to
distinguish CAE from Controls and CAD in the discovery and
validation sets.

Local alteration in coronary tone was involved in the
pathological process of CAE (Yetkin and Waltenberger,
2007). Previous studies showed that vessel endothelial cells
could synthesize and release CYP450-derived FA metabolites
as endothelium-derived hyperpolarizing factors led to the
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TABLE 2 | Results of measurement of the serum metabolite panel in the diagnosis of CAE.

Discovery sets (n = 72) Validation sets (n = 180)

AUC (95% CI) Sensitivity (%) Specificity (%) AUC (95% CI) Sensitivity (%) Specificity (%)

CAE versus Controls

12-HETE 0.967 (0.870–0.997) 100 98.5 0.698 (0.608–0.778) 68.3 86.7

17-HDoHE 0.984 (0.898–1.000) 100 95.8 0.703 (0.613–0.783) 60.0 96.7

AA 0.901 (0.780–0.968) 95.8 75.0 0.714 (0.624–0.793) 55.0 95.0

EPA 0.88 (0.754–0.956) 83.3 79.2 0.715 (0.625–0.793) 50.0 91.7

5-HETE 0.974 (0.881–0.999) 100 91.7 0.648 (0.555–0.733) 58.33 85.00

5-Meta 0.991 (0.910–1.000) 100 95.83 0.836 (0.757–0.897) 80.00 75.00

CAE versus CAD

12-HETE 1 (0.926–1.000) 100 100 0.658 (0.566–0.742) 55.0 91.7

17-HDoHE 1 (0.926–1.000) 100 100 0.659 (0.566–0.743) 50.0 98.3

AA 0.868 (0.739–0.948) 58.3 100 0.721 (0.632–0.799) 55.0 95.0

EPA 0.837 (0.702–0.928) 83.3 70.8 0.739 (0.651–0.815) 55.3 93.3

5-HETE 1.00 (0.926–1.00) 100 100 0.558 (0.465–0.649) 41.67 91.67

5-Meta 1 (0.926–1.000) 100 100 0.904 (0.836–0.950) 86.67 80.00

CAE, coronary artery ectasia; CI, confidence interval; 5-Meta, serum metabolite panel.

hyperpolarization and relaxation of smooth muscle cells
(SMC) by activating Ca2+-dependent K+ channels and the
Na-K-ATPase pathway (Malmsjo et al., 1999). Moreover,
CYP450 inducers can regulate SMC hyperpolarization to
relax the coronary artery by increasing the synthesis of FA
metabolites (Fleming, 2000). Our targeted metabolic profile
showed that the FA metabolites level in plasma was significantly
increased in patients with CAE compared to those in Controls
and patients with CAD. We speculated that those increased
metabolites led to a local alteration in coronary tone by an
endothelium-independent pathway (Nishikawa et al., 1999).

Fatty acid metabolites are closely associated with nitric
oxide (NO) release, while NO overstimulation and medial
thinning were important pathological mechanisms leading to
CAE (Sorrell et al., 1996). FA metabolites as endothelium-derived
hyperpolarizing factors could mediate endothelium-dependent
relaxations via promoting endothelial nitric oxide synthase
(eNOS) expression and NO release (Zuccolo et al., 2016). Indeed,
EPA via upregulation of uncoupling protein 2 activates AMPKα1
resulting in increased endothelial nitric oxide synthase (NOS)
phosphorylation and promoted NO release in aortic endothelial
cells (Wu et al., 2012). Meanwhile, W. Raphael’s study found
that mRNA expression level of NOS2 in leukocytes had a close
association with plasma oxylipid concentrations, especially for
9-HODE and 13-HODE, while 13-HODE as a substrate was
oxidized to the relatively stable 13-Oxo-ODE (Ramsden et al.,
2012; Raphael et al., 2014). Our results showed that higher
concentrations of FA metabolites in the peripheral blood of
patients with CAE than in that of Controls and CAD might
contribute to CAE formation via the NO pathway.

A previous study showed that 10–20% of CEA have been
described in association with inflammatory or connective tissue
diseases, while FAs and their derivatives link nutrient metabolism
to inflammation reaction (Sonnweber et al., 2018). During the
early phase of inflammation, AA is predominantly metabolized

via 5-lipoxygenase (5-LOX), which produces pro-inflammatory
leukotriene, such as leukotriene B4 (LTB4), whereas in the late
phase prostaglandin E2, enhance 15-LOX expression, followed by
a switch from LTB4 synthesis to 5-LOX and 15-LOX-mediated
lipoxin A4 production, which contribute to local inflammation
(Ho et al., 2010). A previous study showed that 5-LOX and 15-
LOX were crucial enzymes that helped in the conversion of AA
to 5-HETE (Sinha et al., 2019). In our study, AA, 17-HDoHE,
and 5-HETE had a significant increase in the peripheral blood of
patients with CAE compared to patients with CAD and Controls,
these metabolites might contribute to CAE formation via an
inflammatory pathway.

Another pathological mechanism of CAE is related to the
metalloproteinase system (Manginas and Cokkinos, 2006). On
the one hand, gene polymorphisms of matrix metalloproteinase
(MMP)-3 were significantly different in patients with CAE
compared to patients with coronary lesions. On the other
hand, cardiac-specific over-expression of MMP-2 could induce
CAE in mice (Dahi et al., 2011). 9-hydroxyoctadecadienoic
acid (9-HODE) was reported to promoting the expression
of metallopeptidase domain 17 to induce SMC apoptosis,
extracellular matrix degradation, and necrotic core growth
(Garbin et al., 2013; Vendrov et al., 2017). Recent studies have
documented that 20-HETE as a CYP450-derived AA metabolite
was correlated with increased elastin degradation by activating
MMP-12 in Ang II-independent pathways (Soler et al., 2018).
In addition to 20-HETE, 15-HETE could also induce MMP
expression in vessel endothelial cells in vivo and in vitro (Prato
et al., 2010; Liu et al., 2018). Therefore, FA metabolites may
induce CAE formation by activating metalloproteinase.

In summary, the present study shows that the plasma FA
profiles of patients with CAE could be seen as biomarkers
to distinguish CAE from Controls and patients with CAD.
Moreover, the diagnostic accuracy of the metabolic biomarkers
was verified in the validation sets. Characterizing the metabolic
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profile of FAs in the peripheral blood from patients with
CAE may help to comprehend the underlying biological
mechanisms of the disease.
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Background: Recently, monocyte to high-density lipoprotein cholesterol ratio (MHR) as

a novel inflammatory biomarker has drawn lots of attention. This study was conducted

in patients with type 2 diabetes mellitus (T2DM) to investigate the correlation between

MHR and metabolic-associated fatty liver disease (MAFLD).

Methods: Totally, 1,051 patients with T2DM from the Affiliated Hospital of Jiangsu

University were enrolled and classified as MAFLD (n = 745) group and non-MAFLD

(n = 306) group according to the MAFLD diagnostic criteria. In contrast, patients

were also separated into four groups based on MHR quartiles. Anthropometric

and biochemical measurements were performed. The visceral fat area (VFA) and

subcutaneous fat area (SFA) of participants were measured by dual bioelectrical

impedance. Fatty liver was assessed by ultrasonography.

Results: The MHR level of subjects in the MAFLD group was statistically greater

than that in the non-MAFLD group (P < 0.05). Meanwhile, MHR was higher in the

overweight or obese MAFLD group compared with that in the lean MAFLD group (P

< 0.05). The area under the ROC Curve (AUC) assessed by MHR was larger than that

of other inflammatory markers (P < 0.01). The cutoff value of MHR was 0.388, with

a sensitivity of 61.74% and a specificity of 56.54%. For further study, binary logistic

regression analyses of MAFLD as a dependent variable, the relationship between MHR

and MAFLD was significant (P < 0.01). After adjusting for many factors, the relationship

still existed. In the four groups based on MHR quartiles, groups with higher values of

MHR had a significantly higher prevalence of MAFLD (P < 0.05). The percentage of

patients with obese MAFLD increased as the MHR level increased (P < 0.01). Among

different quartiles of MHR, it showed that with the increasing of MHR, the percentage

of patients with MAFLD who had more than four metabolic dysfunction indicators

increased, which was 46.39, 60.52, 66.79, and 79.91%, respectively, in each quartile.
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Conclusion: Monocyte to high-density lipoprotein cholesterol ratio is a simple and

practicable inflammatory parameter that could be used for assessing MAFLD in T2DM.

T2DM patients with higher MHR have more possibility to be diagnosed as MAFLD.

Therefore, more attention should be given to the indicator in the examination of T2DM.

Keywords: monocyte to high-density lipoprotein cholesterol ratio (MHR), metabolic-associated fatty liver disease,

type 2 diabetes mellitus, inflammatory marker, obesity

INTRODUCTION

Currently, owing to the rapidly growing economy and unhealthy
lifestyles, non-alcoholic fatty liver disease (NAFLD) has become
an epidemic globally (Loomba et al., 2021; Powell et al.,
2021). Its prevalence is up to ∼25% (Zhou et al., 2021). It is
characterized by hepatic triglyceride (TG) accumulation, and
depending on the progress of the disease process, it ranges
from liver steatosis to non-alcoholic steatohepatitis (NASH),
fibrosis, cirrhosis, till hepatocellular carcinoma, which has taken
the serious economic burden to the society (Kumar et al.,
2021; Yki-Järvinen et al., 2021). Although the pathogenesis of
NAFLD has not been fully clarified, previous studies showed
that it shared common pathophysiological mechanisms with type
2 diabetes mellitus (T2DM), such as insulin resistance (IR),
impaired lipid metabolism, and inflammation (Ferguson and
Finck, 2021; Targher et al., 2021). There are also data showing
that the prevalence of NAFLD in subjects with T2DM/glucose
intolerance was estimated to be higher (around 40–70%) than
that in the general population (Younossi et al., 2019; Mantovani
et al., 2020). Meanwhile, NAFLD is often accompanied by
serious complications, for instance, cardiovascular diseases and
chronic kidney diseases, thus leading to a bad prognosis for
patients with T2DM (Mantovani et al., 2020; Nasr et al., 2020).
In 2020, NAFLD was renamed metabolic-associated fatty liver
disease (MAFLD), which is a sensitive and important indicator
of metabolic dysfunction (Eslam et al., 2020).

In recent years, studies indicate that inflammation plays an
important role in the pathophysiology of NAFLD (Han et al.,
2021; Zhang et al., 2021). Lipotoxicity and release of endogenous
factors induce the hepatic inflammatory response (Han et al.,
2021). Inflammatory cells, such as neutrophils, lymphocytes,
monocytes, macrophages, and Kupffer cells, infiltrated in the liver
could mediate hepatic TG storage, regulate the inflammatory
response, lead to the phenomena of lipid peroxidation,
produce their own reactive oxygen species, and activate nuclear

Abbreviations: T2DM, type 2 diabetes mellitus; CAD, coronary artery disease;

BMI, bodymass index; NC, neck circumference;WC, waist circumference; HC, hip

circumference; SBP, systolic blood pressure; DBP, diastolic blood pressure; MAP,

mean arterial pressure; VFA, visceral fat area; SFA, subcutaneous fat area; HOMA-

IR, homeostasis model assessment of insulin resistance; HOMA-ISI, homeostasis

model assessment of insulin sensitivity index; ALT, alanine aminotransferase;

AST, aspartate aminotransferase; ALP, alkaline phosphatase; γ-GGT, gamma-

glutamyl transferase; TCHOL, total cholesterol; TG, triglyceride; HDL-c, high-

density lipoprotein cholesterol; LDL-c, low-density lipoprotein cholesterol; WBC,

white blood cell; MHR, monocyte/HDL-c; NHR, neutrophil/HDL-c; NLR,

neutrophil/lymphocyte; PLR, platelet/lymphocyte; NFS, non-alcoholic fatty liver

disease fibrosis score.

transcription factors, which contribute to hepatocellular damage
(Wang et al., 2020; Sakurai et al., 2021; Tacke and Weiskirchen,
2021).

Recently, monocyte to high-density lipoprotein cholesterol
ratio (MHR) as a novel inflammatory biomarker, which is largely
available in clinical practice, has drawn lots of attention. Elevated
MHR has been proved to be associated with many disorders
such as cardiovascular diseases, metabolic syndrome (MetS),
and polycystic ovary syndrome (PCOS) (Akboga et al., 2016;
Uslu et al., 2018; Usta et al., 2018). Studies also investigated
that increased MHR was independently related to long-term
mortality in patients with coronary artery disease (CAD) who
have undergone percutaneous coronary intervention (Zhang
et al., 2020). MHR is also a marker that could predict the presence
and progression of subclinical carotid atherosclerosis in patients
with T2DM (Chen et al., 2019). However, till now, no data exist
regarding the association betweenMHR and T2DMpatients with
MAFLD. In this study, we aimed to evaluate the association
between the inflammatory biomarker MHR and T2DM patients
with MAFLD.

METHODS

Study Population
This study upholds the principles of the Declaration of Helsinki,
and the study protocol was approved by the Human Research
Ethics Committee of the Affiliated Hospital of Jiangsu University.
All the patients recruited in this study signed informed consent.
A total of 1,368 participants with T2DM were enrolled in the
study population from June 2018 to July 2020. T2DM was
diagnosed according to the criteria of the American Diabetes
Association (American Diabetes Association, 2021). According
to the diagnostic criteria of MAFLD (Eslam et al., 2020),
the patients were separated into two groups, namely, non-
MAFLD group and MAFLD group. The exclusion criteria were
as follows: type 1 diabetes, gestational diabetes mellitus, special
type diabetes, acute/chronic infection, autoimmune disease,
hematological disease, chronic lung disease, tumor, thyroid
dysfunction, and those without complete data. Thus, 317
individuals were excluded from this study. Eventually, 1,051
patients were included in the final enrollment (Figure 1). In
the meantime, on the basis of body mass index (BMI) values
(Shin and Lee, 2021), the MAFLD group was separated into lean
MAFLD group (BMI < 23 kg/m2), overweight MAFLD group
(BMI, 23.0–24.9 kg/m2), and obese MAFLD group (BMI ≥ 25.0
kg/m2). The criteria of metabolic dysfunction were as follows
(Lima et al., 2015; Osonoi et al., 2018; Blanquet et al., 2019):
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FIGURE 1 | Flowchart describing the selection process of the study population.

(1) waist circumference (WC) ≥ 90 cm for men and ≥ 80 cm
for women; (2) systolic blood pressure (SBP) ≥ 130 mmHg or
diastolic blood pressure (DBP) ≥ 85 mmHg or treatment of
previously diagnosed hypertension; (3) TG levels≥ 1.70 mmol/L
or specific treatment for this lipid abnormalities; (4) high-
density lipoprotein cholesterol levels (HDL-c) of <1.0 mmol/L
in men and <1.3 mmol/L in women or specific treatment for
this lipid abnormalities; (5) fasting plasma glucose of ≥5.60
mmol/L or previously diagnosed T2DM; (6) uric acid levels of
≥420 µmol/L or specific treatment for this abnormalities; and
(7) urinary microalbumin (uMA) > 30 mg/L or MA/UCREA
> 30 mg/L.

Clinical and Biochemical Parameters
Anthropometric indexes of patients such as height, weight,
BMI, neck circumference (NC), WC, hip waist circumference
(HC), blood pressure (BP), and heart rate were measured
by trained survey personnel in accordance with international
standards. After overnight fasting for longer than 8 h, the
venous blood samples of subjects were collected. The glucose
oxidase method was used to detect fasting blood glucose, and
the chemiluminescence method was used to determine fasting
plasma insulin and C-peptide. HbA1c was measured by high-
performance liquid chromatography (HPLC). Serum lipids and
liver function indicators were detected using a BEKMAN AU
5800 automatic biochemical analyzer. Monocyte, neutrophil, and
lymphocyte counts were determined using an SYSMEX XN3000
automated blood cell counter.

Homeostasis model assessment was used to estimate insulin
resistance (HOMA-IR). HOMA-IR = fasting plasma glucose
(mmol/L) × fasting plasma insulin (mIU/L)/22.5. Insulin

sensitivity index (ISI) was conducted to estimate insulin
sensitivity. ISI= 22.5/fasting plasma glucose (mmol/L)× fasting
plasma insulin (mIU/L).

Measurement of Visceral Fat Area
The visceral fat area (VFA) and subcutaneous fat area (SFA) of
participants were measured using a dual bioelectrical impedance
at the umbilical level (DUALSCAN; OmronHealthcare Co. Ltd,
Kyoto, Japan).

Calculation of MHR and Other
Inflammatory Markers
The MHR, neutrophil to HDL-c ratio (NHR), neutrophil to
lymphocyte ratio (NLR), and platelet to lymphocyte ratio
(PLR) were calculated using the following formula, respectively:
MHR = monocyte/HDL-c, NHR = neutrophil/HDL-c, NLR =

neutrophil/lymphocyte, and PLR= platelet/lymphocyte.

Assessment of Fatty Liver by
Ultrasonography
Liver ultrasonography was performed by experienced
sonographers. All the patients fasted overnight for 8 h before
ultrasound imaging. The diagnostic criteria of hepatic steatosis
were based on the following sonographic characteristics:
enlarged or slightly normal liver volume, full in shape, and
obtuse at both lower margins; increased liver contrast compared
with kidney and spleen; flake hypoechoic areas can be seen in
some parenchyma; intrahepatic biliary tract is not clearly shown;
and the echo of portal vein wall is weakened.
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TABLE 1 | The clinical, biochemical, and inflammatory characteristics of patients in MAFLD and non-MAFLD groups.

Variables MAFLD (n = 745) Non-MAFLD (n = 306) P value

Demographic parameters

Age (years) 55.00 (47.00, 69.00) 60.00 (52.00, 66.00) <0.001

Male (n, %) 454 (60.94) 189 (61.76) 0.803

Smoking (n, %) 201 (26.98) 77 (25.16) 0.544

Alcohol intake (n, %) 103 (13.83) 36 (11.76) 0.370

Hypertension (n, %) 434 (58.26) 137 (44.77) <0.001

History of CAD (n, %) 59 (7.92) 23 (7.52) 0.825

Dyslipidemia (n, %) 663 (88.99) 179 (58.50) <0.001

Antidiabetic drug (n, %) 587 (78.79) 265 (86.60) 0.003

Anthropometric parameters

Height (cm) 167.00 (160.00, 173.00) 165.00 (159.50, 170.50) 0.001

Weight (kg) 70.70 (63.60, 79.25) 62.60 (56.68, 68.3) <0.001

BMI (kg/m2 ) 25.60 (23.70, 27.73) 23.00 (21.40, 25.00) <0.001

NC (cm) 39.27 ± 4.75 37.00 ± 4.39 <0.001

WC (cm) 93.67 ± 8.98 85.85 ± 8.99 <0.001

HC (cm) 98.60 ± 7.85 94.63 ± 7.17 <0.001

SBP (mmHg) 129.24 ± 16.77 127.06 ± 17.91 0.061

DBP (mmHg) 76.01 ± 10.29 71.84 ± 9.82 <0.001

MAP (mmHg) 93.75 ± 11.14 90.24 ± 10.91 <0.001

VFA (cm2) 102.98 ± 34.47 66.22 ± 33.56 <0.001

SFA (cm2) 190.00 (154.40, 229.75) 142.65 (116.00, 177.63) <0.001

Biochemical parameters

Fasting plasma glucose (mmol/L) 9.84 (7.87, 12.54) 9.97 (7.24, 12.90) 0.846

Fasting plasma insulin (µIU/mL) 8.22 (5.08, 11.19) 5.38 (3.17, 10.30) <0.001

Fasting C-peptide (ng/mL) 2.68 ± 1.01 1.82 ± 1.02 <0.001

2 h plasma glucose (mmol/L) 19.16 ± 5.10 19.25 ± 5.51 0.792

2 h plasma insulin (µIU/mL) 32.87 (18.12, 45.47) 26.97 (13.14, 39.17) <0.001

2 h C-peptide (ng/mL) 4.91 (3.66, 7.39) 3.51 (2.33, 5.02) <0.001

HbA1c (%) 9.40 (8.00, 10.80) 9.70 (7.98, 11.50) 0.027

HOMA-IR 3.68 (2.27, 4.92) 2.34 (1.41, 3.74) <0.001

HOMA-ISI 0.32 (0.20, 0.44) 0.51 (0.29, 0.71) <0.001

ALT (U/L) 24.00 (16.20, 40.50) 16.60 (11.00, 23.25) <0.001

AST (U/L) 18.60 (14.20, 26.00) 15.20 (12.30, 20.00) <0.001

ALP (U/L) 71.00 (58.00, 87.00) 71.40 (58.00, 84.00) 0.728

γ-GGT (U/L) 33.00 (23.00, 52.00) 22.00 (15.75, 32.00) <0.001

Albumin (g/L) 40.70 (38.70, 42.70) 39.40 (37.20, 42.00) <0.001

Blood urea nitrogen (mmol/L) 5.13 (4.27, 6.25) 5.51 (4.60, 6.87) <0.001

Creatinine (µmol/L) 59.00 (49.80, 69.50) 60.45 (49.10, 70.80) 0.333

Uric acid (µmol/L) 298.00 (243.00, 351.50) 258.00 (208.50, 310.25) <0.001

TCHOL (mmol/L) 4.96 ± 1.14 4.77 ± 1.24 0.021

TG (mmol/L) 2.23 (1.56, 3.25) 1.44 (1.00, 1.99) <0.001

HDL-c (mmol/L) 1.02 (0.86, 1.21) 1.15 (0.97, 1.45) <0.001

LDL-c (mmol/L) 2.83 ± 0.90 2.79 ± 0.98 0.515

Blood Cells Counts

WBC (*109/L) 6.00 (5.00, 7.10) 5.80 (4.80, 7.20) 0.102

Neutrophil (*109/L) 3.30 (2.70, 4.20) 3.30 (2.50, 4.40) 0.909

Monocyte (*109/L) 0.47 ± 0.15 0.46 ± 0.16 0.298

Lymphocyte (*109/L) 2.00 (1.60, 2.40) 1.80 (1.40, 2.20) <0.001

Platelet (*109/L) 195.26 ± 55.78 190.84 ± 54.47 0.240

Inflammation parameters

MHR 0.43 (0.33, 0.58) 0.37 (0.27, 0.49) <0.001

NHR 3.24 (2.44, 4.29) 2.90 (1.99, 4.17) <0.001

NLR 1.67 (1.28, 2.20) 1.79 (1.40, 2.67) 0.002

PLR 96.67 (75.29, 122.05) 103.10 (79.37, 135.88) 0.004

CAD, coronary artery disease; BMI, body mass index; NC, neck circumference; WC, waist circumference; HC, hip circumference; SBP, systolic blood pressure; DBP, diastolic blood

pressure; MAP, mean arterial pressure; VFA, visceral fat area; SFA, subcutaneous fat area; HOMA-IR, homeostasis model assessment of insulin resistance; HOMA-ISI, homeostasis

model assessment of insulin sensitivity index; ALT, alanine aminotransferase; AST, aspartate aminotransferase; ALP, alkaline phosphatase; γ -GGT, gamma-glutamyl transferase;

TCHOL, total cholesterol; TG, triglyceride; HDL-c, high-density lipoprotein cholesterol; LDL-c, low-density lipoprotein cholesterol; WBC, white blood cell; MHR, monocyte/HDL-c;

NHR, neutrophil/HDL-c; NLR, neutrophil/lymphocyte; PLR, platelet/lymphocyte. Continuous variables were described as mean values ± SD and median (interquartile range) according

to the distributions of data. Categorical variables were expressed as the number of patients and percentage. P < 0.05 (two-sided) was defined as statistically significant. Bold values

indicate statistically significance.
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TABLE 2 | Subgroup analysis of the clinical and laboratory characteristics based on BMI in patients with MAFLD.

Variables Lean MAFLD (n = 129) Overweight MAFLD (n = 184) Obese MAFLD (n = 432) P Value

(BMI < 23 kg/m2) (BMI 23.0–24.9 kg/m2) (BMI ≥ 25.0 kg/m2)

Age (years) 56.00 (50.00, 63.00) 56.00 (48.00, 63.00) 55.00 (45.00, 64.00) 0.279

Male (n, %) 76 (58.91) 112 (60.87) 266 (61.57) 0.863

Smoking (n, %) 30 (23.26) 57 (30.98) 114 (26.39) 0.290

Alcohol intake (n, %) 20 (15.50) 28 (15.22) 55 (12.73) 0.595

Hypertension (n, %) 58 (44.96) 94 (51.09) 282 (65.28) <0.001

History of CAD (n, %) 13 (10.08) 12 (6.52) 34 (7.87) 0.517

Dyslipidemia (n, %) 114 (88.37) 160 (86.96) 389 (90.05) 0.517

Antidiabetic drug (n, %) 108 (83.72) 144 (78.26) 335 (77.55) 0.315

Height (cm) 167.50 (160.50, 174.25) 166.00 (158.50, 173.00) 167.25 (160.00, 173.00) 0.681

Weight (kg) 60.80 (55.75, 66.50) 66.25 (60.48, 72.35) 76.95 (69.83, 84.45) <0.001

NC (cm) 36.00 (34.00, 39.00) 38.00 (36.00, 40.00) 40.75 (38.00, 43.00) <0.001

WC (cm) 85.00 (80.00, 89.00) 89.00 (85.00, 93.00) 97.00 (93.00, 103.00) <0.001

HC (cm) 93.00 (89.00, 95.00) 96.00 (93.00, 98.00) 101.00 (98.00, 106.00) <0.001

SBP (mmHg) 124.00 (116.00, 135.00) 125.00 (115.00, 137.00) 130.00 (118.00, 141.75) 0.005

DBP (mmHg) 74.27 ± 9.60 75.14 ± 9.53 76.89 ± 10.71 0.016

MAP (mmHg) 91.46 ± 10.27 92.62 ± 10.75 94.91 ± 11.42 0.002

VFA (cm2) 76.62 ± 25.26 86.78 ± 23.50 117.75 ± 33.00 <0.001

SFA (cm2) 137.10 (116.20, 160.45) 162.05 (142.03, 187.60) 218.95 (189.00, 260.75) <0.001

Fasting plasma glucose (mmol/L) 9.07 (7.68, 11.64) 10.16 (7.80, 12.70) 9.90 (7.95, 12.81) 0.140

Fasting plasma insulin (µIU/mL) 6.59 (4.15, 10.66) 6.42 (4.16, 10.09) 9.85 (6.17, 12.86) <0.001

Fasting C-peptide (ng/mL) 2.40 ± 0.90 2.55 ± 0.89 2.83 ± 1.07 <0.001

2h plasma glucose (mmol/L) 18.94 ± 5.16 19.44 ± 5.51 19.11 ± 4.90 0.208

2h plasma insulin (µIU/mL) 30.01 (15.42, 39.59) 26.46 (15.77, 40.22) 37.78 (20.97, 50.37) <0.001

2h C-peptide (ng/mL) 4.68 (3.65, 7.22) 4.86 (3.64, 6.62) 5.09 (3.70, 7.54) 0.212

HbA1c (%) 9.50 (8.00, 10.80) 9.60 (8.00, 10.90) 9.20 (7.90, 10.80) 0.646

HOMA-IR 2.71 (1.70, 4.60) 3.00 (1.74, 4.66) 4.22 (2.71, 5.76) <0.001

HOMA-ISI 0.38 (0.28, 0.59) 0.37 (0.23, 0.58) 0.27 (0.17, 0.38) <0.001

ALT (U/L) 18.80 (13.65, 29.25) 22.00 (15.48, 34.45) 28.60 (18.55, 45.00) <0.001

AST (U/L) 17.10 (13.20, 21.30) 17.00 (13.23, 24.48) 20.35 (15.60, 27.70) <0.001

ALP (U/L) 70.00 (55.50, 85.00) 72.00 (57.00, 89.75) 70.50 (58.00, 86.75) 0.628

γ-GGT (U/L) 27.00 (21.00, 46.54) 30.00 (22.00, 44.75) 35.00 (24.00, 57.00) 0.002

Albumin (g/L) 40.49 ± 3.51 40.84 ± 4.52 40.80 ± 3.69 0.685

Blood urea nitrogen (mmol/L) 5.24 (4.27, 6.22) 5.07 (4.10, 6.06) 5.15 (4.31, 6.41) 0.461

Creatinine (µmol/L) 58.40 (50.1, 66.15) 59.70 (49.35, 69.68) 59.00 (50.00, 70.25) 0.628

Uric acid (µmol/L) 286.76 ± 74.89 293.86 ± 75.77 315.86 ± 92.99 0.001

TCHOL (mmol/L) 4.83 (4.19, 5.75) 4.76 (4.09, 5.60) 4.87 (4.21, 5.61) 0.462

TG (mmol/L) 2.08 (1.39, 3.18cc) 2.11 (1.51, 3.12) 2.30 (1.63, 3.33) 0.029

HDL-c (mmol/L) 1.09 (0.95, 1.28) 1.02 (0.86, 1.18) 1.00 (0.84, 1.19) 0.003

LDL-c (mmol/L) 2.87 ± 0.95 2.79 ± 0.85 2.83 ± 0.91 0.718

WBC (*109/L) 5.70 (4.80, 7.00) 5.90 (4.93, 6.80) 6.20 (5.10, 7.28) 0.119

Neutrophil (*109/L) 3.20 (2.60, 4.25) 3.10 (2.60, 3.90) 3.40 (2.70, 4.20) 0.119

Monocyte (*109/L) 0.40 (0.40, 0.50) 0.40 (0.33, 0.50) 0.50 (0.0.40, 0.60) 0.074

Lymphocyte (*109/L) 1.90 (1.45, 2.30) 2.00 (1.63, 2.40) 2.00 (1.60, 2.40) 0.099

Platelet (*109/L) 198.07 ± 53.61 193.93 ± 58.36 194.99 ± 55.40 0.802

MHR 0.39 (0.31, 0.53) 0.40 (0.32, 0.56) 0.45 (0.35, 0.60) 0.008

NHR 3.02 (2.21, 4.27) 3.13 (2.38, 4.05) 3.33 (2.57, 4.35) 0.040

NLR 1.75 (1.37, 2.38) 1.58 (1.27, 1.96) 1.70 (1.24, 2.21) 0.025

PLR 103.64 (78.63, 137.75) 93.33 (71.16, 119.67) 96.98 (75.25, 121.24) 0.056

NFS −0.73 ± 1.05 −0.68 ± 1.09 −0.37 ± 1.12 <0.001

Fibrosis severity scale

F0–F2 31 (24.03%) 39 (21.20%) 69 (15.97%) 0.071

Indeterminant score 85 (65.89%) 126 (68.48%) 297 (68.75%) 0.825

F3–F4 13 (10.08%) 19 (10.32%) 66 (15.28%) 0.131

CAD, coronary artery disease; BMI, body mass index; NC, neck circumference; WC, waist circumference; HC, hip circumference; SBP, systolic blood pressure; DBP, diastolic blood

pressure; MAP, mean arterial pressure; VFA, visceral fat area; SFA, subcutaneous fat area; HOMA-IR, homeostasis model assessment of insulin resistance; HOMA-ISI, homeostasis

model assessment of insulin sensitivity index; ALT, alanine aminotransferase; AST, aspartate aminotransferase; ALP, alkaline phosphatase; γ -GGT, gamma-glutamyl transferase;

TCHOL, total cholesterol; TG, triglyceride; HDL-c, high-density lipoprotein cholesterol; LDL-c, low-density lipoprotein cholesterol; WBC, white blood cell; MHR, monocyte/HDL-c;

NHR, neutrophil/HDL-c; NLR, neutrophil/lymphocyte; PLR, platelet/lymphocyte; NFS, non-alcoholic fatty liver disease fibrosis score. Bold values indicate statistically significance.
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TABLE 3 | Correlation of MHR with other parameters in the whole study population or MAFLD patients with T2DM.

MAFLD group Total

r p r p

Gender −0.344 <0.001 −0.298 <0.001

Age (years) −0.148 <0.001 −0.159 <0.001

Smoking 0.228 <0.001 0.192 <0.001

Alcohol intake 0.050 0.176 0.034 0.274

Hypertension 0.014 0.694 0.030 0.338

History of CAD 0.025 0.499 0.001 0.962

Dyslipidemia 0.206 <0.001 0.305 <0.001

Antidiabetic drug −0.077 0.035 −0.077 0.012

Height (cm) 0.285 <0.001 0.275 <0.001

Weight (kg) 0.292 <0.001 0.316 <0.001

BMI (kg/m2 ) 0.143 <0.001 0.191 <0.001

NC (cm) 0.310 <0.001 0.313 <0.001

WC (cm) 0.215 <0.001 0.256 <0.001

HC (cm) 0.114 0.002 0.143 <0.001

SBP (mmHg) 0.029 0.428 0.021 0.498

DBP (mmHg) 0.046 0.209 0.079 0.010

MAP (mmHg) 0.040 0.281 0.060 0.053

VFA (cm2) 0.214 <0.001 0.245 <0.001

SFA (cm2) 0.059 0.110 0.128 <0.001

Fasting plasma glucose (mmol/L) (mmol/L) 0.079 0.031 0.053 0.085

Fasting plasma insulin (µIU/mL) 0.119 0.001 0.130 <0.001

Fasting C-peptide (ng/mL) 0.126 0.001 0.205 <0.001

2 h plasma glucose (mmol/L) 0.060 0.102 0.053 0.088

2 h plasma insulin (µIU/mL) 0.027 0.455 0.067 0.029

2 h C-peptide (ng/mL) 0.011 0.763 0.102 0.001

HbA1c (%) 0.059 0.106 0.036 0.242

HOMA-IR 0.141 <0.001 0.155 <0.001

HOMA-ISI −0.129 <0.001 −0.166 <0.001

ALT (U/L) 0.144 <0.001 0.158 <0.001

AST (U/L) 0.022 0.549 0.034 0.268

ALP (U/L) –0.060 0.099 –0.030 0.324

γ-GGT (U/L) 0.158 <0.001 0.212 <0.001

Albumin (g/L) –0.057 0.119 −0.078 0.011

Blood urea nitrogen (mmol/L) 0.085 0.020 0.037 0.228

Creatinine (µmol/L) 0.157 <0.001 0.132 <0.001

Uric acid (µmol/L) 0.199 <0.001 0.215 <0.001

TCHOL (mmol/L) −0.177 <0.001 −0.165 <0.001

TG (mmol/L) 0.222 <0.001 0.292 <0.001

HDL-c (mmol/L) −0.645 <0.001 −0.666 <0.001

LDL-c (mmol/L) −0.169 <0.001 −0.123 <0.001

WBC (*109/L) 0.462 <0.001 0.469 <0.001

Neutrophil (*109/L) 0.365 <0.001 0.367 <0.001

Monocyte(*109/L) 0.757 <0.001 0.744 <0.001

Lymphocyte (*109/L) 0.264 <0.001 0.292 <0.001

Platelet (*109/L) 0.159 <0.001 0.148 <0.001

NLR 0.087 0.018 0.075 0.016

NHR 0.667 <0.001 0.669 <0.001

PLR −0.117 0.001 −0.147 <0.001

CAD, coronary artery disease; BMI, body mass index; NC, neck circumference; WC, waist circumference; HC, hip circumference; SBP, systolic blood pressure; DBP, diastolic blood

pressure; MAP, mean arterial pressure; VFA, visceral fat area; SFA, subcutaneous fat area; HOMA-IR, homeostasis model assessment of insulin resistance; HOMA-ISI, homeostasis

model assessment of insulin sensitivity index; ALT, alanine aminotransferase; AST, aspartate aminotransferase; ALP, alkaline phosphatase; γ -GGT, gamma-glutamyl transferase;

TCHOL, total cholesterol; TG, triglyceride; HDL-c, high-density lipoprotein cholesterol; LDL-c, low-density lipoprotein cholesterol; WBC, white blood cell; MHR, monocyte/HDL-c;

NHR, neutrophil/HDL-c; NLR, neutrophil/lymphocyte; PLR, platelet/lymphocyte. Bold values indicate statistically significance.
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Calculation of the NAFLD Fibrosis Score
The non-alcoholic fatty liver disease fibrosis score (NFS) was
used to evaluate the degree of liver fibrosis, and the calculation
formula was as follows: NFS = −1.675 + 0.037 × age
(years) + 0.094 × BMI (kg/m2) + 1.13 × impaired fasting
glucose/diabetes (yes = 1, no = 0) + 0.99 × AST/ALT ratio
− 0.013 × platelet count (×109/L) − 0.66 × albumin (g/dl)
(Bril et al., 2020).

Advanced fibrosis was explicitly excluded if the
NFS was lower than the cutoff point (−1.455), while
the diagnosis of advanced fibrosis was established
when the NFS was above the cutoff point (0.675)
(Bril et al., 2020).

Statistical Analysis
Statistical analyses were performed using SPSS version 22.0
software (SPSS, Inc., Chicago, IL, United States). Continuous

variables were described as mean values ± SD or median
(interquartile range) according to the distributions of data.
Categorical variables were expressed as the number of patients
and percentage. The difference between the two groups was
examined using Student’s t-test or Mann-Whitney U test, and
the difference among the three groups was determined using the
one-way ANOVA (normally distributed variables) or Kruskal-
Wallis test (non-normally distributed variables). The chi-squared
test was used for categorical variables. The relationship between
variables was tested by the Pearson or Spearman correlation
analysis. Binary logistics regression analyses were performed to
explore the association of MHR with MAFLD. The receiver
operating characteristic (ROC) curves were operated to identify
the optimal value for the assessment of the risk of MAFLD in
this population. Optimal cutoffs were derived from maximizing
the Yoden index. A p <0.05 (two-sided) was defined as
statistically significant.

FIGURE 2 | Correlation analysis showing statistically positive correlation between monocyte to HDL cholesterol ratio (MHR) with other parameters in MAFLD patients

with T2DM (n = 745). (A) body mass index (BMI), (B) visceral fat area (VFA), (C) homeostasis model assessment of insulin resistance (HOMA-IR) and (D) triglyceride

(TG).
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RESULTS

The Clinical, Biochemical, and
Inflammatory Characteristics of Patients
In this current cohort of 1,051 patients (Supplementary Table 1),
745 subjects were MAFLD with T2DM, and the prevalence of
MAFLD in T2DM was 70.88%. Male patients in both groups
were more than 60%. The general characteristics of participants
were presented in Table 1. With regard to the demographic
parameters, patients with MAFLD were younger, showing a
higher percentage of hypertension as well as dyslipidemia than
those without MAFLD (P < 0.05). Regarding anthropometric
parameters, the MAFLD group had a remarkably higher level of
height, weight, BMI, NC, WC, HC, DBP, MAP, VFA, and SFA
than the non-MAFLD group. Regarding biochemical parameters,
fasting plasma insulin, fasting C-peptide, 2-h plasma insulin, 2-
h C-peptide, HOMA-IR, ALT, AST, γ-glutamyl transpeptidase
(γ-GGT), albumin, uric acid, total cholesterol (TCHOL), and TG

were significantly augmented in patients with MAFLD compared
with those with non-MAFLD, while HbA1c, HOMA-ISI, urea
nitrogen, and HDL-c were greatly reduced in subjects with
MAFLD (P< 0.05). Concerning immune cell counts, lymphocyte
counts, MHR, and NHR levels were statistically greater in the
MAFLD group than the non-MAFLD group (P < 0.05).

Subgroup Analysis of the Clinical and
Laboratory Characteristics Based on BMI
in Patients With MAFLD
As shown inTable 2, the parameters of weight, NC,WC,HC, SBP,
DBP, MAP, VFA, SFA, fasting plasma insulin, fasting C-peptide,
2-h plasma insulin, HOMA-IR, HOMA-ISI, ALT, AST, γ-GGT,
uric acid, TG, and HDL-c presented a remarkable difference
among lean MAFLD group, overweight MAFLD group, and
obese MAFLD group (P < 0.05). The inflammation markers of
MHR and NHR were higher in the overweight or obese MAFLD

FIGURE 3 | Correlation analysis showing statistically positive correlation between monocyte to HDL cholesterol ratio (MHR) with other parameters in T2DM (n =

1,051). (A) Body mass index (BMI), (B) visceral fat area (VFA), (C) homeostasis model assessment of insulin resistance (HOMA-IR) and (D) triglyceride (TG).
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group compared with those in the leanMAFLD group (P< 0.05).
NFS of the highest BMI group increased than that of lower BMI
groups (P < 0.05), while no difference in fibrosis severity scale
was observed in different BMI groups.

Correlation of MHR With Other Parameters
in the Whole Study Population or MAFLD
With T2DM Patients
In the Pearson or Spearman correlation analysis, MHR presented
a significantly positive correlation with smoking, dyslipidemia,
height, weight, BMI, NC, WC, HC, VFA, fasting plasma insulin,
fasting C-peptide, HOMA-IR, ALT, γ-GGT, creatinine, uric acid,
TG, WBC, neutrophil, monocyte, lymphocyte, platelet, NLR,
and NHR, and in the meantime, negative correlation with
gender, antidiabetic drug usage, age, HOMA-ISI, TCHOL, HDL-
c, LDL-c, PLR, and in both, the whole study population and
MAFLD with T2DM patients (P < 0.05). A significantly positive
correlation between MHR and other parameters, such as DBP,
SFA, 2-h plasma insulin, and 2-h C-peptide, only existed in the

whole population, while a positive correlation between MHR
and fasting plasma glucose only existed in MAFLD with T2DM
patients (P < 0.05). All details are shown in Table 3; Figures 2, 3.

Evaluation of the Impact of MHR on
MAFLD With T2DM
As Figure 4 shows the performance for evaluating the endpoint
among the inflammatory markers for MAFLD risk, the AUC of
the marker is as follows: MHR 0.610 (95% CI: 0.573–0.648), NHR
0.571 (95% CI: 0.531–0.611), NLR 0.438 (95% CI: 0.400–0.477),
and PLR 0.443 (95% CI: 0.404–0.482). The result demonstrated
that the AUC assessed by MHR was larger than that of the other
inflammatory markers (P < 0.01). The cutoff value of MHR was
0.388 with a sensitivity of 61.74% and a specificity of 56.54%
(Table 4).

Then, based on the cutoff point, the whole patients were
separated into high MHR group and low MHR group, and the
result showed that the highMHR group had a significantly higher
level of height, weight, BMI, NC, WC, HC, DBP, VFA, SFA,

FIGURE 4 | Receiver operating characteristic (ROC) curve analysis of monocyte to HDL cholesterol ratio (MHR) and neutrophil to HDL cholesterol ratio (NHR) to

assess the accuracy of these parameters as a biomarker of MAFLD risk in T2DM patients. The area under the ROC curve (AUC) values in the MHR and NHR were

0.610 (95% confidence interval: 0.573–0.648) and 0.571 (95% confidence interval: 0.531–0.611), respectively.
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TABLE 4 | ROC curve analysis of MHR in assessing MAFLD risk in patients with T2DM.

Variables AUC 95%CI Sensitivity (%) Specificity (%) Cut-Off value Youden Index

MHR 0.610 0.573–0.648 61.74 56.54 0.388 0.183

NHR 0.571 0.531–0.611 86.98 26.47 2.029 0.135

NLR 0.438 0.400–0.477 99.73 0.33 0.574 0.001

PLR 0.443 0.404–0.482 0.40 100 318.036 0.004

MHR, monocyte/HDL-c; NHR, neutrophil/HDL-c; NLR, neutrophil/lymphocyte; PLR, platelet/lymphocyte.

fasting plasma insulin, fasting C-peptide, 2-h plasma insulin, 2-
h C-peptide, HOMA-IR, ALT, γ-GGT, creatinine, uric acid, TG,
WBC, neutrophil, lymphocyte, platelet, NHR, and NLR than the
lowMHR group, while HOMA-ISI, TCHOL, HDL-c, LDL-c, and
PLR were reduced in the high MHR group than the low MHR
group. The prevalence of MAFLD in the high MHR group was
higher than that in the low MHR group (77.57 and 62.22%,
respectively, Supplementary Table 2).

We further performed the binary logistic regression analyses,
and the result showed that the risk of MAFLD significantly
increased with the increasing of MHR (P < 0.01 in every model,
Figure 5). In the base model, MHR was independently associated
with MAFLD (P < 0.001). After adjusting for gender and age,
MHR and MAFLD were independently correlated (P < 0.001 in
model 1). After additional correction of smoking, alcohol intake,
and hypertension history, MHR and MAFLD still showed an
independent correlation (P < 0.001 in model 2). Furthermore,
the MHR was also an independent determinant of MAFLD
after further adjustment of usage of antidiabetic drug, HOMA-
IR, TC, HOMA-ISI, and HbA1c (P = 0.002 in model 3). This
indicates that the high MHR is independently associated with
MAFLD in patients with T2DM. We also observed that NHR
was independently associated with MAFLD in the unadjusted
model (P = 0.004) and model 1 (P =0.019), while no significant
correlation was found in models 2 and 3 (P = 0.064 and
P = 0.072, respectively).

The Clinical and Biochemical
Characteristics According to MHR
Quartiles
The study population was divided according to MHR quartiles:
Q1 (MHR ≤ 0.31, n = 263), Q2 (0.31 < MHR ≤ 0.41, n =

266), Q3 (0.41 < MHR ≤ 0.56, n = 268), Q4 (MHR > 0.56,
n = 254), as shown in Table 5. ANOVA revealed that groups
with higher values ofMHRhad remarkably higher height, weight,
BMI, NC, WC, HC, VFA, SFA, fasting plasma insulin, fasting
C-peptide, 2-h plasma insulin, 2-h C-peptide, HOMA-IR, ALT,
γ-GGT, creatinine, uric acid, TG, WBC, neutrophil, monocyte,
lymphocyte, platelet, NHR, significantly lower age, HOMA-ISI,
albumin, TCHOL, HDL-c, LDL-c, and PLR (P < 0.05).

The Prevalence of MAFLD Among Different
Quartiles of MHR
As illustrated in Figure 6, groups with higher values of MHR had
a significantly higher prevalence of MAFLD (P < 0.05). In each
quartile, as shown in Figure 7, when the patients with MAFLD

FIGURE 5 | Evaluation of the impact of monocyte to HDL cholesterol ratio

(MHR) and neutrophil to HDL cholesterol ratio (NHR) on MAFLD with T2DM by

binary logistic regression analyses. Model 1: adjusted for age, gender; Model

2: adjusted for smoking, alcohol intake, hypertension history, in addition to

model 1; Model 3: adjusted for use of antidiabetic drug, homeostasis model

assessment of insulin resistance (HOMA-IR), total cholesterol (TC),

homeostasis model assessment of insulin sensitivity index (HOMA-ISI), HbAlc

in addition to model 2.

were divided into lean MAFLD group, overweight MAFLD
group, and obese MAFLD group according to BMI, the number
of obese MAFLD patients increased as the MHR level increased.

Distribution of Metabolic Dysfunction in
Patients With MAFLD Among Different
Quartiles of MHR
We further analyzed the distribution of metabolic dysfunction in
patients withMAFLD among different quartiles of MHR, and the
result displayed that with the increase of MHR, the percentage
of patients with MAFLD who had more than four metabolic
dysfunction indicators increased, which was 46.39, 60.52, 66.79,
and 79.91%, respectively, in each quartile (Figure 8).

DISCUSSION

The prevalence of NAFLD in the T2DM population has been
proved to reach approximately 40–70% which is higher than that
in the general population (Younossi et al., 2019; Mantovani et al.,
2020). The finding in this study is consistent with the previous
reports, and the prevalence of MAFLD is reaching 70.88%. The
pathogenesis of the two comorbid disorders of NAFLD and
T2DM has been studied extensively, while the exact molecular
mechanisms are still undiscovered (Wu et al., 2017). It is well-
recognized that IR is the core to the pathogenesis of NAFLD
and T2DM (Wu et al., 2017). IR could lead to hyperglycemia
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TABLE 5 | The clinical and biochemical characteristics according to MHR quartiles.

Variables Q1 (n = 263) Q2 (n = 266) Q3 (n = 268) Q4 (n = 254) P value

(MHR ≤ 0.31) (0.31 < MHR ≤ 0.41) (0.41 < MHR ≤ 0.56) (MHR > 0.56)

Age (years) 58.00 (52.00, 66.00) 58.00 (50.00, 66.00) 55.50 (46.00, 64.00) 54.00 (44.00, 62.25) <0.001

Male (n, %) 110 (41.83) 151 (56.77) 171 (63.81) 211 (83.07) <0.001

Smoking (n, %) 42 (15.97) 68 (25.56) 64 (23.88) 104 (40.94) <0.001

Alcohol intake (n, %) 25 (9.51) 36 (13.53) 46 (17.16) 32 (12.60) 0.075

Hypertension (n, %) 136 (51.71%) 151 (56.77) 142 (52.99) 142 (55.91) 0.612

History of CAD (n, %) 18 (6.84) 26 (9.77) 17 (6.34) 21 (8.27) 0.450

Dyslipidemia (n, %) 161 (61.22) 210 (78.95) 233 (86.94) 238 (93.70) <0.001

Antidiabetic drug (n, %) 229 (87.07) 213 (80.08) 215 (80.22) 195 (76.77) 0.023

Height (cm) 162.79 ± 8.48 165.88 ± 8.28 166.39 ± 8.23 169.40 ± 7.87 <0.001

Weight (kg) 62.90 (57.20, 70.00) 67.35 (61.15, 75.80) 69.55 (62.43, 77.08) 73.85 (65.65, 82.13) <0.001

BMI (kg/m2 ) 24.00 (22.00, 26.20) 24.50 (22.70, 27.13) 25.20 (23.23, 27.20) 25.63 (23.40, 28.13) <0.001

NC (cm) 36.00 (34.00, 39.00) 38.00 (36.00, 41.00) 39.00 (36.00, 41.38) 40.00 (37.88, 42.00) <0.001

WC (cm) 87.00 (82.00, 93.00) 91.00 (85.00, 97.00) 93.00 (86.50, 98.00) 94.00 (88.00, 100.00) <0.001

HC (cm) 96.00 (92.00, 100.00) 97.00 (93.00, 101.00) 97.00 (93.00, 103.00) 98.00 (94.00, 103.00) <0.001

SBP (mmHg) 127.00 (117.00, 139.00) 128.00 (114.00, 140.00) 126.00 (116.00, 138.00) 129.00 (117.00, 140.00) 0.760

DBP (mmHg) 74.50 ± 10.54 74.00 ± 10.92 74.52 ± 9.92 76.21 ± 9.78 0.080

MAP (mmHg) 92.59 ± 11.03 92.05 ± 11.97 92.42 ± 10.90 93.92 ± 10.74 0.251

VFA (cm2) 78.02 ± 37.32 91.33 ± 32.63 95.07 ± 36.11 105.09 ± 41.14 <0.001

SFA (cm2) 174.11 ± 68.95 180.16 ± 57.07 184.32 ± 63.35 197.61 ± 69.94 <0.001

Fasting plasma glucose (mmol/L) 9.68 (7.09, 12.46) 9.69 (7.99, 12.52) 10.06 (7.77, 12.91) 10.03 (8.04, 12.93) 0.257

Fasting plasma insulin (µIU/mL) 6.89 (3.60, 10.33) 6.79 (4.12, 10.66) 7.63 (4.59, 11.21) 9.31 (5.29, 12.11) <0.001

Fasting C-peptide (ng/mL) 2.07 ± 1.11 2.40 ± 0.95 2.52 ± 1.06 2.74 ± 1.13 <0.001

2h plasma glucose (mmol/L) 18.95 ± 5.56 18.87 ± 5.17 19.46 ± 5.10 19.48 ± 5.01 0.383

2h plasma insulin (µIU/mL) 31.96 (16.61, 44.83) 27.08 (15.25, 39.59) 30.78 (16.14, 46.59) 34.17 (19.66, 46.98) 0.037

2h C-peptide (ng/mL) 4.31 (2.87, 6.62) 4.18 (3.29, 6.15) 4.59 (3.22, 6.85) 5.09 (3.51, 7.17) 0.010

HbA1c (%) 9.30 (7.50, 11.00) 9.50 (8.00, 10.90) 9.65 (8.10, 11.10) 9.48 (8.00, 11.03) 0.425

HOMA-IR 2.76 (1.64, 4.28) 3.07 (1.77, 4.66) 3.43 (1.94, 5.17) 3.89 (2.37, 5.43) <0.001

HOMA-ISI 0.41 (0.25, 0.61) 0.38 (0.23, 0.58) 0.35 (0.19, 0.54) 0.30 (0.18, 0.44) <0.001

ALT (U/L) 19.50 (13.20, 29.70) 19.85 (13.30, 32.23) 22.10 (15.00, 37.88) 24.00 (16.98, 43.85) <0.001

AST (U/L) 17.30 (14.00, 24.80) 17.00 (13.00, 22.87) 17.85 (13.35, 24.23) 18.50 (13.58, 25.53) 0.309

ALP (U/L) 71.00 (59.00, 86.00) 70.50 (57.00, 90.00) 70.00 (58.00, 83.00) 71.50 (57.00, 86.00) 0.905

γ-GGT (U/L) 26.00 (16.00, 42.00) 26.00 (19.00, 41.00) 29.00 (21.00, 47.00) 35.00 (25.00, 60.25) <0.001

Albumin (g/L) 41.56 ± 5.91 40.25 ± 3.86 40.27 ± 3.83 40.02 ± 3.70 0.025

Blood urea nitrogen (mmol/L) 5.30 ± 1.48 5.69 ± 2.00 5.50 ± 1.70 5.75 ± 2.31 0.239

Creatinine (µmol/L) 57.00 (47.80, 66.10) 58.70 (48.58, 68.58) 60.15 (50.13, 70.40) 62.80 (53.80, 71.83) 0.001

Uric acid (µmol/L) 270.02 ± 79.93 288.33 ± 90.26 295.64 ± 82.77 319.71 ± 88.32 <0.001

TCHOL (mmol/L) 5.04 (4.31, 5.78) 4.89 (4.26, 5.64) 4.77 (4.15, 5.44) 4.49 (3.88, 5.41) <0.001

TG (mmol/L) 1.53 (1.06, 2.27) 1.91 (1.34, 2.72) 2.00 (1.49, 2.98) 2.41 (1.67, 3.60) <0.001

HDL-c (mmol/L) 1.34 (1.13, 1.60) 1.12 (1.01, 1.27) 0.99 (0.86, 1.15) 0.84 (0.70, 0.98) <0.001

LDL-c (mmol/L) 2.94 ± 0.99 2.86 ± 0.90 2.85 ± 0.85 2.61 ± 0.93 <0.001

WBC (*109/L) 5.00 (4.20, 6.10) 5.70 (5.00, 6.60) 6.00 (5.20, 7.10) 7.10 (6.10, 8.43) <0.001

Neutrophil (*109/L) 2.80 (2.20, 3.70) 3.20 (2.68, 3.93) 3.30 (2.70, 4.10) 4.00 (3.28, 4.93) <0.001

Monocyte (*109/L) 0.30 (0.30, 0.40) 0.40 (0.40, 0.50) 0.50 (0.40, 0.50) 0.60 (0.50, 0.70) <0.001

Lymphocyte (*109/L) 1.73 ± 0.55 1.94 ± 0.58 2.03 ± 0.65 2.29 ± 0.91 <0.001

Platelet (*109/L) 187.20 ± 52.61 184.18 ± 53.81 197.68 ± 56.47 207.34 ± 56.02 <0.001

NHR 2.12 (1.58, 2.90) 2.86 (2.31, 3.42) 3.30 (2.71, 4.16) 4.67 (3.86, 6.00) <0.001

NLR 1.65 (1.25, 2.20) 1.72 (1.33, 2.36) 1.65 (1.29, 2.25) 1.78 (1.40, 2.45) 0.066

PLR 110.50 (85.00, 138.33) 94.89 (72.36, 125.14) 99.37 (77.07, 124.33) 92.81 (72.03, 119.02) <0.001

CAD, coronary artery disease; BMI, body mass index; NC, neck circumference; WC, waist circumference; HC, hip circumference; SBP, systolic blood pressure; DBP, diastolic blood

pressure; VFA, visceral fat area; SFA, subcutaneous fat area; HOMA-IR, homeostasis model assessment of insulin resistance; HOMA-ISI, homeostasis model assessment of insulin

sensitivity index; ALT, alanine aminotransferase; AST, aspartate aminotransferase; ALP, alkaline phosphatase; γ -GGT, gamma-glutamyl transferase; TCHOL, total cholesterol; TG,

triglyceride; HDL-c, high-density lipoprotein cholesterol; LDL-c, low-density lipoprotein cholesterol; WBC, white blood cell; MHR, monocyte/HDL-c; NHR, neutrophil/HDL-c; NLR,

neutrophil/lymphocyte; PLR, platelet/lymphocyte. Bold values indicate statistically significance.
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and reactive hyperinsulinemia, which in turn could cause lipid
accumulation, and finally affects lipid metabolism in the liver (Li
P. et al., 2020). Simultaneously, the current result shows that the
MAFLD group has higher levels of BMI, NC, WC, HC, VFA, and
SFA than the non-MAFLD group, which indicates that patients
with T2DM in overweight and obese groups are more likely to
be combined with MAFLD. Previous report clarified that obesity
could increase the risk of developing IR, T2DM, dyslipidemia,
hypertension, and NAFLD (Jung and Choi, 2014). In addition,
many studies suggest that chronic inflammation in adipose tissue
might play a significant role in the development of obesity-related
metabolic dysfunction (Zatterale et al., 2019).

FIGURE 6 | The prevalence of MAFLD in T2DM patients among different

quartiles of monocyte to HDL cholesterol ratio (MHR).

This study observes the effect of MHR on the assessment
of MAFLD in T2DM. Our findings manifested that the MHR
was higher in T2DM patients with MAFLD, compared with the
control group. Concurrently, when the study population was
divided according to MHR quartiles, the prevalence of MAFLD

FIGURE 8 | Distribution of metabolic dysfunction in MAFLD patients among

different quartiles of monocyte to HDL cholesterol ratio (MHR). Metabolic

dysfunction indicators: waist circumference (WC) ≥ 90 cm for men and

≥ 80 cm for women; systolic blood pressure (SBP) ≥ 130 mmHg or diastolic

blood pressure (DBP) ≥85 mmHg or treatment of previously diagnosed

hypertension; TG levels ≥ 1.70 mmol/L or specific treatment for this lipid

abnormalities; high-density lipoprotein cholesterol levels (HDL-c) of < 1.0

mmol/L in men and < 1.3 mmol/L in women or specific treatment for this lipid

abnormalities; fasting plasma glucose (FPG) of ≥ 5.60 mmol/L or previously

diagnosed T2DM; uric acid (UA) levels of ≥420 µmol/L or specific treatment

for this abnormalities; urinary microalbumin (uMA) > 30 mg/L or MA/UCREA >

30 mg/L.

FIGURE 7 | The number of MAFLD patients with T2DM based on body mass index (BMI) among different quartiles of monocyte to HDL cholesterol ratio (MHR).
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increased as the values of MHR increased. Meanwhile, in each
quartile, the percentage of patients with obese MAFLD increased
as the MHR level increased. In patients with MAFLD, Pearson
or Spearman correlation analysis demonstrated that the MHR
is positively related to BMI, NC, WC, HC, VFA, and HOMA-
IR. In recent years, MHR was confirmed to be a novel maker
with the integration of pro-inflammatory and anti-inflammatory
indices, and it owned comparatively higher clinic practical values
since it is convenient to obtain (Chen et al., 2019). Wang et al.
demonstrated a linear relation between MHR levels and the odds
of ischemic stroke in a large community-based population, and
they also found that MHR could be a clinical indicator in risk
stratification in subjects with ischemic stroke (Wang et al., 2019).
In a metabolic syndrome-related study, the scholars investigated
and found out that patients with metabolic syndrome had
higher MHR values than healthy controls; moreover, MHR could
be an inflammatory marker to evaluate disease severity (Uslu
et al., 2018). Cetin et al. demonstrated that MHR might be an
independent predictor of the severity of coronary artery disease
and future cardiovascular events in patients with acute coronary
syndrome (Cetin et al., 2016).

The activation of monocytes and their differentiated
forms into lipid-laden macrophages play an important role
in promoting immune defenses in patients with chronic
inflammatory (Usta et al., 2018). Meanwhile, the activation
of monocytes and their differentiated forms into lipid-laden
macrophages could be regulated by inflammatory cytokines
(Akboga et al., 2016). Previous study shows that the monocyte
count is an independent predictor of plaque formation and
progression in atherosclerosis (Johnsen et al., 2005). Study
also demonstrated that the M1 type macrophage/M2 type
macrophage ratio was increased during the progression of liver
disease (Ziolkowska et al., 2021). On the contrary, HDL-c has
anti-inflammatory, antioxidant, and antithrombotic effects,
which has the ability to counteract macrophages migration
and remove cholesterol from these cells (Akboga et al., 2016;
Usta et al., 2018). HDL-c molecules also play a suppressive
role in the control of monocyte activation, as well as in the
proliferation and differentiation of the progenitor cells of
monocytes, as reported in previous study (Usta et al., 2018).
Therefore, monocytes play a pro-inflammatory role, while
HDL-c shows a reversal factor during this process (Yilmaz
and Kayançiçek, 2018). Higher monocyte counts and lower
LDL-c levels act as indirect indicators of inflammation and
development of atherosclerosis (Usta et al., 2018). Actually, the
relationship between monocyte counts and HDL-c provides a
better understanding of inflammation. MAFLD is recognized
as the liver disease component of metabolic syndrome, which
is mainly associated with obesity, IR, T2DM, and inflammation
(Li H. et al., 2020). In this study, the higher MHR in MAFLD
patients with T2DM has been confirmed. The ROC curve
showed that the evaluative value of MHR for MAFLD risk was
0.610. For further study, with binary logistic regression analyses
of MAFLD as a dependent variable, the relationship between
MHR and MAFLD was significant. After adjusting for many
factors, the relationship still existed. It also demonstrated that
with the increasing of the MHR, the percentage of patients

with MAFLD who had more than four metabolic dysfunction
indicators increased. Above all, the MHR has the advantage as
an evaluating indicator of MAFLD in T2DM patients, which is
reported for the first time as far as we know.

We also found that the NHR was higher in T2DM patients
with MAFLD than that in the non-MAFLD group. Kou et al.
recently demonstrated that the NHR was closely related to CAD,
and it was an independent predictor of severe coronary stenosis
(Huang et al., 2020; Kou et al., 2021). Previous study showed that
the NHR had a strong predictive value for predicting metabolic
syndrome (Chen et al., 2020). In this study, the ROC curve
showed that the evaluative value of the NHR for MAFLD risk
was 0.571, with a sensitivity of 86.98% and a specificity of 26.47%
only, which was inferior to that of MHR. The increased number
of lymphocytes was found in the MAFLD group. This is similar
to the previous report that the percentage of lymphocytes is
independently and positively correlated with MAFLD (Li H.
et al., 2020). ROC curve of the value of lymphocyte for predicting
MAFLD risk was analyzed (data were not shown), and the result
was also inferior to that of MHR.

Limitation
Several limitations exist in this study. First, this study was
a retrospective analysis based on prospectively collected data
from a single center in the Chinese population. Second, the
golden criteria of MAFLD diagnosis were based on histological
examination and imaging techniques. However, these two
techniques are invasive, expensive, and unfeasible in clinical
work. Third, in this study, the relationship between the MHR
level and the severity of MAFLD was not clarified. Further
prospective studies should be performed to investigate whether
MHR would be an evaluating indicator of improving MAFLD.

CONCLUSION

The MHR is a convenient, simple and cost-effective, parameter
that could be used for assessing MAFLD in T2DM. T2DM
patients with a higherMHRhavemore possibility to be diagnosed
as MAFLD. Therefore, more attention should be given to the
indicator in the examination of T2DM.
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Fatty acid metabolism, including the de novo synthesis, uptake, oxidation, and derivation
of fatty acids, plays several important roles at cellular and organ levels. Recent studies
have identified characteristic changes in fatty acid metabolism in idiopathic pulmonary
fibrosis (IPF) lungs, which implicates its dysregulation in the pathogenesis of this
disorder. Here, we review the evidence for how fatty acid metabolism contributes to the
development of pulmonary fibrosis, focusing on the profibrotic processes associated
with specific types of lung cells, including epithelial cells, macrophages, and fibroblasts.
We also summarize the potential therapeutics that target this metabolic pathway in
treating IPF.

Keywords: fatty acid synthesis, fatty acid oxidation, idiopathic pulmonary fibrosis, alveolar epithelial cell,
myofibroblast, macrophage

INTRODUCTION

Idiopathic pulmonary fibrosis (IPF) is a fatal fibrotic disorder of unknown etiology. It is usually
associated with worsening respiratory symptoms, lung function decline, and limited responses
to therapies. The worldwide incidence of IPF has risen steadily over time (Hutchinson et al.,
2015), and disease burdens on the global healthcare system are increasing. Underlying genetic
susceptibility, together with environmental insults, is believed to trigger an abnormal wound repair
response, leading to the activation of a non-resolving fibrotic cascade. Mechanistic features include
epithelial apoptosis, macrophages releasing pro-fibrotic mediators, and the activation of fibroblasts
and myofibroblasts.

Although the underlying mechanisms of these dysregulated fibrotic responses are not completely
understood, recent evidence indicates that metabolic abnormalities play a critical role. For example,
altered glycolysis and glutamine metabolism were found in human lungs with severe IPF (Kang
et al., 2016). Additionally, changes in lipid metabolism, specifically leading to the overproduction
of profibrotic lipids such as lysophospholipids, sphingolipids, and eicosanoids, contribute to the
pathogenesis of IPF [for general review, see Castelino (2012); Mamazhakypov et al. (2019)].

In this brief review, we describe the general concepts in fatty acid (FA) metabolism and the
pathology of IPF. We analyze the roles of this metabolic pathway in regulating the function of
specific cells and the relevant pathologic cellular responses in IPF, including pro-fibrotic phenotype
changes of alveolar epithelial cells and macrophages, and fibroblast/myofibroblast activation. We
also discuss potential pulmonary fibrosis therapeutics that target this pathway.
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THE FATTY ACID METABOLIC PATHWAY

Fatty acids (FAs) contain a terminal carboxyl group and a
hydrocarbon chain, and mostly contain an even number of
carbons; they can be saturated or unsaturated. The understanding
of the role of FA metabolism in both healthy and disease
physiology has recently been greatly advanced (Kuda et al., 2018;
Yi et al., 2018). Fatty acids tightly couple glucose and lipid
metabolism via the de novo FA synthesis pathway, supporting cell
adaption to environmental changes and generating large amounts
of adenosine triphosphate (ATP) through β-oxidation (Bartlett
and Eaton, 2004). As well as their role in energy production and
as part of the structural “building blocks” of cell membranes, FAs
also act individually by converting to FA-derived lipid mediators
to regulate biological activities (de Carvalho and Caramujo, 2018)
such as signal transduction, cell cycle regulation, apoptosis, and
differentiation (Figure 1).

Fatty Acid Synthesis
Fatty acid (FAs) in cells derive either from exogenous sources
or de novo FA synthesis. The FA biosynthesis pathway is highly
conserved and occurs in the cytoplasm (Rui, 2014). The TCA
cycle intermediator citrate is transported out of mitochondria
and cleaved by ATP citrate lyase (ACLY) into acetyl-CoA and
oxaloacetate. Acetyl-CoA is then converted to malonyl-CoA by
the rate-limiting enzyme acetyl-CoA carboxylase (ACC). Finally,
acetyl-CoA and malonyl-CoA are used to produce palmitic acid
as an initial product by the action of FA synthase (FASN) (Smith,
1994). Subsequent elongation and desaturation of palmitic acid
determine the length and degree of FA saturation, which are
critical to their functions and metabolic fates (Guillou et al.,
2010). For example, stearate, a long-chain fatty acid, is produced
through the actions of a family of enzymes, ELOVL1–7, that add
two carbons to the terminal carboxyl group in each reaction cycle.
Another family of stearoyl-CoA desaturases (SCDs) catalyzes
FA desaturation (Paton and Ntambi, 2009). Fatty acids can also
be taken up from extracellular surroundings via cell surface
receptors, such as CD36 (Wang and Li, 2019), which is a
widely expressed transmembrane protein. Once entering the
intracellular FA pool, they can be esterified with glycerol or sterol
backbones and stored in the form of triglycerides in lipid droplets,
or utilized for energy production through FA oxidation (FAO).

Fatty Acid Oxidation
FA oxidation (FAO) is a major pathway for the utilization
of FAs to generate biological energy. Free FAs in the cytosol
are activated by acyl-CoA synthase to generate acyl-CoA.
Acyl-CoA is conjugated to carnitine via carnitine palmitoyl
transferase 1 (CPT1) activity to form acylcarnitine which is
subsequently transported into the mitochondrial matrix by
carnitine acylcarnitine translocase (CAT). Acylcarnitine is then
converted back to acyl-CoA and carnitine by CPT2 in the
mitochondria. Acyl-CoA undergoes β-oxidation, which is a
series of enzyme-mediated reactions that yield large amounts of
intermediator metabolites that are subsequently utilized in the
TCA cycle; carnitines are recycled by being transported out of the
mitochondrial matrix (Houten et al., 2016).

Fatty Acid Derivation and Derivatives
Besides anabolism and catabolism pathways in the cytoplasm,
some FAs serve as substrates for enzymatic conversation to
lipid-derived mediators that are bioactive in tissue inflammation
and organ injury. Arachidonic acid is incorporated into cellular
phospholipids and is rapidly released from cell membranes
by phospholipase A2 enzymes for enzymatic conversion to
prostaglandins (PGs) and leukotrienes (Kuehl and Egan, 1980)
as well as lipoxins (LXs) (Serhan and Savill, 2005). Prostaglandins
and leukotrienes are widely recognized for their important role
in injury and inflammation, while LXs, as a family of special
pre-resolving mediators (SPMs), are formed by transcellular
biosynthesis and have anti-inflammatory and pro-resolving
effects. These derivatives underlie the pathology of many
prevalent diseases resulting in tissue fibrosis, as typified by kidney
(Brennan et al., 2017), liver (Mariqueo and Zúñiga-Hernández,
2020), and lung fibrosis (Bozyk and Moore, 2011; Suryadevara
et al., 2020).

ALTERATIONS IN FATTY ACID
METABOLISM IN PULMONARY
FIBROSIS

An altered content and profile of saturated and unsaturated FAs
have been identified in IPF patients and animal models of lung
fibrosis; however, there is no consensus on the specific changes.
One study observed a 63% increase in serum total FA levels in IPF
patients compared with control subjects (Iannello et al., 2002).
Others found low levels of saturated long-chain FAs, such as
palmitic acid, oleic acid, and stearic acid, in IPF lung tissues and
bronchoalveolar lavage fluid (BALF) (Schmidt et al., 2002; Kim
et al., 2021). In contrast, Chu et al. (2019) detected significantly
higher levels of palmitic and stearic acid in BALF from IPF
patients compared with controls.

The chemotherapeutic drug bleomycin is widely used as a
means of inducing experimental lung fibrosis in animal models
(Fleischman et al., 1971; Adamson and Bowden, 1974; Thrall
et al., 1979), including mice, rats, and dogs. Lower levels of free
FAs were detected in BALF from rats exposed to bleomycin the
previous day, which then reached twice normal levels on days 3–
30 before returning to normal on day 120 (Swendsen et al., 1996);
however, unsaturated FAs were significantly increased compared
with controls between day 3 and 120 (Swendsen et al., 1996).
Moreover, abnormal FA compositions were identified in the lung
tissue of mice exposed to bleomycin, with high levels of palmitic
acid and oleic acid but low levels of the essential polyunsaturated
linoleic acid (Sunaga et al., 2013).

ABERRANT FATTY ACID METABOLISM
CONTRIBUTES TO IDIOPATHIC
PULMONARY FIBROSIS PATHOGENESIS

Extensive changes in FA metabolism have been observed in IPF,
suggesting its potential critical role in disease pathophysiology.

Frontiers in Physiology | www.frontiersin.org 2 January 2022 | Volume 12 | Article 79462933

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-12-794629 January 10, 2022 Time: 14:24 # 3

Geng et al. Fatty Acid Metabolism and IPF

FIGURE 1 | Regulation of FA metabolism pathways, including anabolism, storage, uptake, catabolism, and derivation. De novo FA synthesis occurs in the
cytoplasm, where citrate is converted in the TCA cycle to the final long-chain saturated or unsaturated FA. These steps involve ACLY, ACC, FASN, and desaturases,
as well as elongation proteins. Once synthesized, FA is stored in lipid droplets as triglycerides or mobilized through β-oxidation to provide energy and acetyl-CoA.
Acetyl-CoA is used again in the TCA cycle. Essential FAs are incorporated into cellular phospholipids and released from cell membranes to be converted into
lipid-derived mediators. FAs from extracellular sources can also be used for storage or β-oxidation through the CD36 receptor.

Various FA metabolism pathways are intricately intertwined, and
a perturbation of any of these in the lung may contribute to
the development of pro-fibrotic phenotypes in epithelial cells,
macrophages, and fibroblasts/myofibroblasts (Figure 2).

Impact on Epithelial Cell Switch to a
Pro-fibrotic Phenotype
Epithelial cell dysfunction is a central component in IPF
pathophysiology. Alveolar type (AT)2 cells are the most active
cell of lung lipid metabolism, with an important role in
alveolar homeostasis involving surfactant biosynthesis, and
as progenitor cells to both self-renew and transdifferentiate
into AT1 cells (Barkauskas et al., 2013). AT2 cells, and other
lung epithelia, are often susceptible to injury. Thus, repeated
genetic or environment stimulation may result in a diverse
range of cellular endophenotypes and molecular signatures
including endoplasmic reticulum (ER) stress, apoptosis, and
inflammatory and profibrotic signaling, which ultimately
converge to drive downstream fibrotic remodeling in IPF lungs
(Katzen and Beers, 2020).

Fatty acid (FA) synthesis and composition are known to be
involved in ER stress (Volmer et al., 2013; Han and Kaufman,
2016; Velázquez et al., 2016). Lipids are required for the export
of folded proteins contained in lipid droplets from the ER
lumen (Velázquez et al., 2016), and impaired lipid synthesis
can increase protein accumulation, resulting in sustained ER

stress. Additionally, changes in the ER membrane composition
following increased levels of FA saturation may directly activate
protein kinase R-like ER kinase and inositol-requiring enzyme
1 (Volmer et al., 2013). Although the mechanism that connects
FA metabolism with ER stress in IPF is unclear, studies have
reported that lipotoxicity caused by saturated FA accumulation
may increase ER stress, leading to apoptosis. For example,
Romero et al. (2018) reported that SCD1 expression was reduced
in IPF lung tissues by showing that a pharmacological inhibitor
of SCD1 induced epithelial cell injury and promoted lung
fibrosis by blocking the synthesis of unsaturated FAs. Moreover,
a high-fat diet rich in saturated FAs has consistently been
shown to induce lung epithelial cell apoptosis by causing ER
stress and thereby aggravating bleomycin-induced lung fibrosis
(Chu et al., 2019). Additionally, Sunaga et al. (2013) found
that ELOVL6 expression was downregulated in the lungs of
IPF patients. ELOVL6 catalyzes the elongation of C16 FA and
renders it an unsaturated FA (Matsuzaka et al., 2007). Thus, an
ELOVL6 deficiency increases the proportion of saturated FAs,
thereby worsening pulmonary fibrosis with collagen deposition.
Furthermore, treatment with palmitic acid was shown to trigger
apoptosis and transforming growth factor (TGF)-β1 expression
in cultured AT2 cells (Sunaga et al., 2013).

Although the role of the epithelial–mesenchymal transition
(EMT) in IPF remains controversial, recent evidence indicates
that multiple inflammatory mediators and essential FA-
derived SPMs involved in EMT also function in lung fibrosis.
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FIGURE 2 | Mechanism of FA metabolism contributing to the pathogenesis of IPF. Alterations in FA metabolism contribute epithelial cellular ER stress toward
apoptosis, EMT, or secretion with profibrotic signaling, which further activates fibroblast differentiation. Increasing FAO and activation of PPAR-γ transcription factor
may facilitate the transportation of some M2 macrophage target genes and promote M2 polarization. SPMs could protect these cellular endophenotypes changes
and fibrotic molecular signature. Additionally, FA and the regulators are also involved in the reversible lipogenic-to-myogenic differentiation and directly contribute to
myofibroblast proliferation, invasion, and resistance to apoptosis.

TABLE 1 | Summary of studies evaluating the effects of fatty acid-targeting agents in animal models of lung fibrosis.

Agent Target and mechanism Strategy Animal models Agent application Main effects References

T0901317 Augment expression of
several lipid-synthesizing
enzyme

curative Silica, mice (14 days) Intraperitoneal, daily
(days 4–14)

Reduce ER stress and
attenuate fibrotic
remodeling

Romero et al.,
2018

Troglitazone Activation of the PPAR-r
signaling

curative preventive Bleomycin, mice
(21days)

Oral, daily
(days -3–21 or days
11–21)

Reduce fibrosis and
TGF-β1 levels

Jung et al.,
2018

Pioglitazone Activation of the PPAR-r
signaling

preventive Bleomycin, rats
(28 days)

Oral, daily
(days -7–28)

Prevent inflammation
and collagen synthesis

Genovese
et al., 2005

Metformin Activation of the AMPK and
PPAR-r signaling

curative Bleomycin, mice
(28 days)

Supplied via drinking
water
(days 14–28)

Induce lipogenic
differentiation in
myofibroblast and
accelerate resolution of
fibrosis

Kheirollahi
et al., 2019

Docosahexa-
enoic
acid

A single n-3
polyunsaturated fatty acid

preventive Bleomycin, mice
(21 days)

Intratracheal, once
(days -4–21)

Reduce weight loss
and mortality; reduce
fibrosis;
reduce lung function
changes

Kennedy et al.,
1989

Dietary
essential fatty
acids

Rich in omega-3 fatty acid,
eicosapentaenoic acid, and
docosahexaenoic acid

preventive Bleomycin, mice
(21 days)

Dietary treatment
began at 21 days of
age and continued for
the entire study

Reduce the severity of
fibrosis

Zhao et al.,
2014

ER, endoplasmic reticulum; PPAR-γ, peroxisome proliferator-activated receptor γ; TGF-β1, transforming growth factor β1, AMPK, AMP-activated protein kinase, ROS,
reactive oxidative species; ATP, adenosine triphosphate.
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For example, maresin 1 (MaR1), an SPM derived from
docosahexaenoic acid, was found to inhibit TGF-β1-induced
EMT and prevent the activation of Smad2/3, Akt, and the
transcription factor Snail. Additionally, MaR1 treatment
attenuated bleomycin-induced lung fibrosis in vivo and reduced
the generation of TGF-β1 (Wang et al., 2015). Similarly, protein
DX, which also derives from docosahexaenoic acid, was reported
to suppress inflammatory infiltration and the expression of
pro-fibrotic cytokines, and to inhibit the EMT phenotype, which
prolonged the survival time of lung fibrosis mice (Li et al., 2017).
Other work found that SPMs inhibited apoptosis and promoted
wound repair proliferation and the transdifferentiation of AT2
cells in respiratory distress syndrome-related lung fibrosis
(Zheng et al., 2018; Yang et al., 2019).

Modulation of Macrophage Polarization
As the most abundant immune cell in the lung, macrophages
play a vital role in the pathogenesis of pulmonary fibrosis.
Most resident macrophages originate from progenitors in the
bone marrow and migrate into different tissues where the local
environment and signal cues shape the macrophage phenotype
(Shapouri-Moghaddam et al., 2018). Macrophage polarization
achieves a phenotypic dichotomy of the pro-inflammatory M1
subtype, which is induced by the Th1 cytokine interferon-
γ, and the M2 phenotype, which is induced by the Th2
cytokines interleukin (IL)-4 or IL-13. The M2 phenotype is
associated with tissue remodeling and repair and is a vital
regulator of fibrogenesis in IPF (Zhang et al., 2018). Upon
activation, M2 macrophages produce profibrotic mediators such
as TGF-β1, which activates fibroblasts and extracellular matrix
(ECM) deposition.

There appears to be a strong relationship between macrophage
polarization and its demand for FAs. Fatty acids provide energy to
support macrophage polarization and activate signaling pathways
to shape it, while FAO generates large quantities of ATP that
is thought to promote M2 polarization. Indeed, increased levels
of FAO were found in IPF lungs (Gu et al., 2019), suggesting
that FAO may be involved in fibrogenesis by promoting M2
macrophage activation. The M2 phenotype is also dependent
upon the transcription factor peroxisome proliferator-activated
receptor (PPAR)-γ (Namgaladze and Brüne, 2016), which has
numerous FAs as its natural ligands (Marion-Letellier et al.,
2016). Furthermore, FAs promote expression of the FA receptor
CD36, thereby inducing the M2 phenotype via the simultaneous
escalation of FA uptake and a cycle of self-augmented profibrotic
activation. The loss of CD36 was reported to inhibit lung fibrosis
and reduce levels of pro-fibrotic Th2 cytokines including IL-9, IL-
4, and IL-13 (Parks et al., 2013). Lipoxins also regulate different
macrophage subtypes in lung fibrosis, while an aspirin-triggered
LX synthetic analog was reported to have the therapeutic ability
to decrease cytokine production and restore M2 macrophage
populations in established bleomycin-induced lung fibrosis
(Martins et al., 2009; Guilherme et al., 2013).

Activation of Fibroblasts/Myofibroblasts
Dysfunctional epithelial cells and polarized macrophages
generate large quantities of profibrotic cytokines that induce

fibroblast differentiation into myofibroblasts. Myofibroblasts
within IPF lungs have a pathologic phenotype (Richeldi
et al., 2017), including the ability to secrete excessive
amounts of matrix within lung parenchyma, and causing
basement membrane disruption. The main source of lung
myofibroblasts is resident interstitial lung fibroblasts. Recently,
lipofibroblast was suggested as an origin of the activated
myofibroblast in pulmonary fibrosis (El Agha et al., 2017).
Lipofibroblast is one of the interstitial fibroblasts that contain
lipid droplets and are located adjacent to AT2 cells, and
likely contribute to surfactant production in quiescent lungs
(Rehan and Torday, 2014).

El Agha et al. (2017) used cell lineage tracing to monitor
lipogenic or myogenic populations of lung fibroblasts in
mice and demonstrated a phenotypic switch between the
two populations during the progression and resolution
phases of lung fibrosis. Mechanically, they found that this
phenotypic shift involves PPAR-γ. Nitrated fatty acids are
PPAR-γ agonists which promote the dedifferentiation of
myofibroblasts by blocking TGF-β1 effects (Reddy et al.,
2014). Additionally, CCAAT enhancer-binding protein
(C/EBP) α, which is regulated by FAs and their derivatives
in adipogenesis, was found to promote myofibroblast to
lipofibroblast dedifferentiation (Liu et al., 2019). Both non-
fibrotic controls and IPF-derived fibroblasts/myofibroblasts
express LXA4 receptors that enable activation of the ALXR
G-protein-coupled receptor to regress a myofibroblastic
phenotype to a fibroblastic one by reducing α-SMA expression,
actin stress fiber formation, and nuclear Smad2/3 levels
(Roach et al., 2015).

Additional characteristic phenotypes of
fibroblasts/myofibroblasts that contribute to the development
of lung fibrosis include increased proliferation, resistance
to apoptosis, and the acquisition of invasive activity (Hinz
and Lagares, 2020; Phan et al., 2021). During wound healing,
fibroblasts proliferate in response to tissue injury but eventually
disappear through apoptosis when the tissue returns to
homeostasis. However, IPF fibroblasts demonstrate increased
proliferation and resistance to FAS ligand-induced apoptosis
(Bamberg et al., 2018). Idiopathic pulmonary fibrosis lungs have
also been shown to have an abundance of PGF2α that stimulates
the proliferation of lung fibroblasts (Oga et al., 2009), while
IPF-derived fibroblasts have reduced PGE2 levels that contribute
to their apoptotic resistance (Maher et al., 2010). Indeed, PGE2
limits many of the pathologic features of lung fibroblasts and
myofibroblasts, including proliferation, migration, collagen
secretion, and TGFβ1-induced differentiation (reviewed
in Bozyk and Moore, 2011). These findings suggest that
prostaglandins have pleiotropic activities in regulating the
fibroblast phenotype in IPF.

Unlike normal fibroblasts, IPF fibroblasts invade the
surrounding ECM much like metastatic cancer cells (Ballester
et al., 2019). The underlying mechanism for this enhanced
invasion may be correlated with de novo FA synthesis because
the inhibition of FASN attenuated the invasive activity of
TGFβ1-treated fibroblasts (Jung et al., 2018). Another possibility
is the formation of α-smooth muscle actin (α-SMA)-containing
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stress fibers. A cognate binding element of C/EBPβ was identified
in the α-SMA promoter that contributed to its upregulation
(Phan, 2012).

POTENTIAL THERAPEUTICS
TARGETING THE FATTY ACID
METABOLIC PATHWAY IN IDIOPATHIC
PULMONARY FIBROSIS TREATMENT

Therapies targeting FA metabolism have been tested in
pre-clinical models of lung fibrosis (Table 1). Promoting
the conversion and formation of FAs with small molecule
compounds, such as a liver X receptor agonist (T0901317)
and PPAR-γ agonists (e.g., rosiglitazone, pioglitazone, and
troglitazone), was found to be beneficial in animal models
of lung fibrosis (Genovese et al., 2005; Milam et al., 2008;
Aoki et al., 2009; Romero et al., 2018). Metformin also
exerts potent antifibrotic effects, including altering the fate of
myofibroblasts via PPAR-γ activation and inhibiting collagen
production via AMP-activated protein kinase activation
(Kheirollahi et al., 2019; Xiao et al., 2020). Based on the
altered content and composition of FAs in IPF lungs and
animal models that we describe, it seems a reasonable approach
to supplement appropriate FAs for the treatment of this
disease. Indeed, dietary essential FAs provide protection
from lung fibrosis after bleomycin treatment (Kennedy
et al., 1989), while intratracheally delivered FAs have a
therapeutic potential for the treatment of lung fibrosis
(Zhao et al., 2014).

CONCLUSION

Abnormalities of FA metabolism in pulmonary fibrosis have
received increasing attention in recent years. This review
describes how the FA metabolism regulates the profibrotic
phenotype of alveolar epithelial cells and macrophages, as
well as fibroblasts/myofibroblasts activation in the IPF lungs
and the lungs of mice with experimental pulmonary fibrosis.
Understanding the mechanism of these metabolic abnormalities
in IPF will open a new avenue of novel therapeutics.
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Background: Extracellular acidification is a common feature of atherosclerotic lesions,
and such an acidic microenvironment impedes ATP-binding cassette transporter
A1 (ABCA1)-mediated cholesterol efflux and promotes atherogenesis. However, the
underlying mechanism is still unclear. Acid-sensing ion channel 1 (ASIC1) is a critical
H+ receptor, which is responsible for the perception and transduction of extracellular
acidification signals.

Aim: In this study, we explored whether or how ASIC1 influences
extracellular acidification-induced ABCA1-mediated cholesterol efflux from
macrophage-derived foam cells.

Methods: RAW 264.7 macrophages were cultured in an acidic medium (pH 6.5)
to generate foam cells. Then the intracellular lipid deposition, cholesterol efflux, and
ASIC1/calpain1/ABCA1 expressions were evaluated.

Results: We showed that extracellular acidification enhanced ASIC1 expression and
translocation, promoted calpain1 expression and lipid accumulation, and decreased
ABCA1 protein expression as well as ABCA1-mediated cholesterol efflux. Of note,
inhibiting ASIC1 activation with amiloride or Psalmotoxin 1 (PcTx-1) not only lowered
calpain1 protein level and lipid accumulation but also enhanced ABCA1 protein levels
and ABCA1-mediated cholesterol efflux of macrophages under extracellular acidification
conditions. Furthermore, similar results were observed in macrophages treated with
calpain1 inhibitor PD150606.

Conclusion: Extracellular acidification declines cholesterol efflux via activating ASIC1
to promote calpain1-mediated ABCA1 degradation. Thus, ASIC1 may be a novel
therapeutic target for atherosclerosis.

Keywords: extracellular acidification, foam cells, ASIC1, calpain1, ABCA1, cholesterol efflux
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INTRODUCTION

Acidic pH (pH < 7.0) of the intimal fluid in plaques has
been regarded as a critical pathological feature of atherosclerosis
(Morgan and Leake, 1993; Sneck et al., 2005). The extracellular
acidic fluid is mainly resulted from local endometrial hypoxia
in atherosclerotic lesions. As we know, under such a hypoxic
condition, macrophages will shift their metabolism to anaerobic
glycolysis, leading to excessive lactate production and proton
extrusion (Zhang et al., 2019). Thus, the acidic intimal
fluid is generated in atherosclerotic lesions (Back et al.,
2019; Lee-Rueckert et al., 2020). In fact, acidification has
been observed both in human and animal atherosclerotic
lesions, especially in advanced plaques (Naghavi et al., 2002).
Interestingly, extracellular acidification is often observed in
the cultured macrophages when the cells are activated or
exposed to oxidized low-density lipoprotein (ox-LDL). Recently,
extracellular acidification has been confirmed to diminish
macrophage cholesterol efflux and promote atherogenesis by
unknown mechanisms (Lee-Rueckert et al., 2010). Therefore,
clarifying the mechanisms by which extracellular acidification
inhibits cholesterol efflux is critical to prevent macrophage-
derived foam cells formation and atherosclerotic development.

Acid-sensing ion channel 1 (ASIC1), a member of the
ENaC/degenerin family, is activated by elevated extracellular
protons (Borg et al., 2020). This channel is widely expressed in
nervous and vascular systems and has the unique property to
be permeable to calcium (Bouron, 2020). Therefore, activation
of ASIC1 enhances calcium influx and initiates intracellular
signaling to trigger downstream events, such as inflammation
and cell death (Wang and Xu, 2011; Zhang R. J. et al., 2020).
ASIC1 plays crucial roles in physiological and pathophysiological
processes, including vascular remodeling, cognitive function
disorders, pancreatic cancer, and cerebral ischemic injury
(Detweiler et al., 2019; Zhou et al., 2019; Zhu et al., 2021).
Recently, Ni et al. (2018) reported that ASIC1 activation results
in macrophage cell inflammatory response, which impedes ATP-
binding cassette protein A1 (ABCA1)-mediated cholesterol efflux
from the cells. However, whether the activation of ASIC1 directly
influences macrophage cholesterol efflux and foam cell formation
is still unclear.

Acid-sensing ion channel 1 is highly expressed in murine
macrophages (Ni et al., 2018). Its activation increases intracellular
calcium levels, which activates calcium-dependent protease.
Calpain1, a calcium-sensitive cysteine protease, has been closely
associated with ABCA1-cholesterol efflux (Hanouna et al., 2020).
ABCA1 prevents atherogenesis via facilitating cholesterol efflux
to lipid-free apolipoprotein A1 (ApoA1) from foam cells (Attie,
2007). However, ABCA1 is unstable and prone to be degraded
by calpain1, leading to a decrease in ABCA1 expression on the
cell surface and a subsequent reduction in cholesterol efflux
(Yokoyama et al., 2012). Of note, extracellular acidification
obviously decreased ABCA1 protein expression in macrophages
and had no significant influence on ABCA1 mRNA levels
(Lee-Rueckert et al., 2010, 2020). The discordances between
ABCA1 protein and mRNA expression suggest that extracellular
acidification decreases ABCA1 protein levels in macrophages

via promoting its degradation. Given the activated ASIC1 has
high permeability for calcium and elevated intracellular calcium
increases calpain1 activity (Xiong et al., 2004; Stankowska
et al., 2018), we speculate that extracellular acidification
results in ASIC1/calpain1 pathway activation and subsequent
ABCA1 protein degradation, thereby reducing ABCA1-mediated
cholesterol efflux from macrophages.

This study investigated whether ASIC1 activation mediated
intracellular lipid deposition and ABCA1 expression and
explored the underlying mechanisms in macrophages
challenged with acidic culture medium. Our results indicate
that extracellular acidification promotes ASIC1 activation
and lipid accumulation and decreases ABCA1 protein levels.
Mechanistically, ASIC1 activation enhances calpain1 activity and
subsequent increases in intracellular lipid deposition through
impeding calpain1-mediated ABCA1 cholesterol efflux. Taken
together, this study reveals that ASIC1 is critical in linking
extracellular acidification to cholesterol efflux and maybe a novel
target for atherosclerosis therapy.

MATERIALS AND METHODS

Materials
Oxidized low-density lipoprotein (Ox-LDL) was obtained
from Yiyuan Biotechnology (Guangzhou, China). Oil red
O (ORO) and RPMI 1640 medium were obtained from
Sigma-Aldrich (United States). Recombinant human ApoA1
and CCK-8 kit were provided by Beyotime Biotechnology
(Shanghai, China). NBD-cholesterol was purchased from
Thermo Fisher Scientific (United States). Anti-ASIC1 antibody
was purchased from Alonome (State of Israel). Anti-calpain1
antibody and β-actin antibody were purchased from Proteintech
(United States). Anti-ABCA1 antibody was purchased from
Abcam (United Kingdom). Goat anti-rabbit antibody was bought
from Cell Signaling Technology (United States). Alexa Fluor 488
Goat anti-rabbit antibody was from Jackson TmmunoResearch
(United States). DAPI was obtained from Solarbio (Beijing,
China). 1,1′-Dioctadecyl-3,3,3′,3′-tetramethylindocarbocyanine
perchlorate (Dil) was bought from YEASEN Biotech Co., Ltd.
(Shanghai, China). Amiloride was purchased from Sigma-
Aldrich (United States), PD150606 was from Abcam Company
(United Kingdom). PcTx-1 was acquired from MedChemExpress
(United States).

Cell Culture and Treatment
RAW 264.7 macrophages were obtained from the Institute
of Cardiovascular Disease, University of South China.
To generate foam cells, RAW 264.7 macrophages were
incubated in a culture medium of pH 7.4, pH 7.0, or pH
6.5 with 25 µg/ml ox-LDL for 24 h. To sustain a stable
extracellular pH, the macrophages were incubated in a
CO2-independent medium (Invitrogen, United States)
containing 10% fetal bovine serum (FBS, United States)
and 4 mM L-glutamine at 37◦C during the experiment
(Xu et al., 2011). For pharmacological treatment, the
macrophages were cocultured in ASIC inhibitor amiloride,
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calpain1 inhibitor PD150606, and ASIC1 inhibitor PcTx1 for
24 h, respectively.

Cell Viability Assay
CCK8 kit (Beyotime Biotechnology, Shanghai, China) was
used to detect cell viability and proliferation. Raw 264.7
macrophages were cultured in different pH media supplied
with 25 µg/ml ox-LDL in a 96−well plate. After 24 h of
treatment, CCK8 (10 µl per well) was incubated with cells
for another 4 h at 37◦C. Subsequently, the absorbance value
of cultured cells was measured using a microplate reader at a
wavelength of 450 nm.

Oil Red O Staining
Oil red O staining assay was performed to measure the
lipid accumulation in RAW 264.7 macrophages. Those
cells were cultured in different pH media supplemented
with 25 µg/ml ox-LDL in 6-well plates for 24 h. Then
the cultured cells were harvested and fixed using 4%
paraformaldehyde for 30 min at room temperature. After
being washed three times with phosphate-buffered saline (PBS),
the cells were stained with ORO for 15 min. Subsequently,
hematoxylin was used to counterstain those samples for
15 s. Lipid accumulation was evaluated using a microscope
(Thermo Fisher Scientific, China) and quantified using
Image pro plus 7.0 software (Media Cybernetics, Inc.,
United States).

Western Blot Assay
Cells were collected for protein extraction as described previously
(Gu et al., 2017). In brief, after being washed with ice-cold
PBS, cell pellets were lysed in RIPA buffer supplemented
with protease and phosphatase inhibitors. Protein content was
measured using a BCA protein assay kit (Beijing ComWin
Biotech, China). Equal amounts of protein samples (10
µg) were loaded on 10% SDS-PAGE for separation. Then,
those separated proteins were transferred to polyvinylidene
fluoride membranes (Millipore, United States) and blocked
with 5% bovine serum albumin for 1 h. Subsequently, the
membranes were incubated with primary antibodies against
ASIC1 (1:1,000), ABCA1 (1:1,000), calpain1 (1:1,000), and
β-actin (1:2,000) overnight at 4◦C. After being washed 3
times, the membranes were incubated with second antibodies
conjugated with horseradish peroxidase (HRP). Finally, protein
bands were visualized using an enhanced chemiluminescence
detection system. Image J software was used to quantify
the immunoblots.

Real-Time Quantitative PCR
RAW 264.7 macrophages were used to extract total RNA
using a TRIzol reagent (Invitrogen) following instructions.
The pure and concentrated RNA was then used to synthesize
complementary DNA using a cDNA reverse transcription kit
(Applied Biosystems, United States). The sequence of ABCA1
primers were 5′-ATGCCAATAACCCTTGCTTCCG -3′ and 5′-
ATGTCCCTAATGCTGGTGTC CTT -3′. ABCA1 mRNA level

was analyzed using ABI PRISM 7900 sequence detection system
(Applied Biosystems).

Detection of Triglycerides and Total
Cholesterol Contents
The contents of triglycerides and cholesterol in RAW 264.7
macrophages were determined using a commercially available
quantitation kit (Nanjing Jiancheng Bioengineering institute,
China). Briefly, RAW 264.7 macrophages were treated with
an FBS-free medium. After 12 h, macrophages were cultured
in different pH media with or without amiloride (0, 50,
and 100 µM). Then, the content of cellular cholesterol
and triglycerides was measured following the instructions of
the manufacturer.

Immunofluorescent Staining Assay
RAW 264.7 macrophages were stained by immunofluorescence
to detect the co-localization of ASIC1 and cellular membrane.
RAW 264.7 cells were cultured in different pH media in 6-
well plates for 24 h. Then, DiI (1:200) was used to treat
cells for 20 min. After being washed three times, the cells
were fixed with 4% paraformaldehyde for 30 min at room
temperature. Afterward, RAW 264.7 cells were preincubated
with 5% goat serum to avoid non-specific antibody binding.
Then, the cells were incubated with anti-ASIC1 antibody
(1:500) overnight at 4◦C. The immune complexes were
visualized using Alexa Fluor 488-labeled secondary antibody.
DAPI staining was used to indicate the nuclei. Images were
obtained using a fluorescence microscope (Thermo Fisher
Scientific, China).

ATP-Binding Cassette Protein
A1-Mediated Cholesterol Efflux Assay
RAW 264.7 macrophages were incubated with different pH
media containing 25 µg/ml ox-LDL in 6-cell plates (1× 105/cell)
for 24 h. Then, the cells were incubated with 5 µmol/L
NBD-cholesterol in the phenol red-free RPMI 1640 medium
for 4 h to be loaded with cholesterol. After being washed
3 times with PBS, cell layers were incubated in the absence
or presence of the indicated concentrations of drugs for an
additional 4 h. Finally, cholesterol efflux proceeded for 4 h
in a medium containing 20 µg/ml ApoA-1. The fluorescence
intensity of the culture medium and cell lysate was determined
using a microplate spectrophotometer. The efflux rate was
measured by the ratio of medium fluorescence counts to
total fluorescence intensity (medium counts + cells lysate
counts)× 100%.

Statistical Analysis
All data were shown as mean ± SEM. The Student’s t-test
was used to analyze means between two groups. Differences
among the groups were analyzed by one-way ANOVA using
SPSS 20 software (International Business Machines Corporation,
United States). Statistical significance was considered when
P < 0.05.

Frontiers in Physiology | www.frontiersin.org 3 January 2022 | Volume 12 | Article 77738642

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-12-777386 January 13, 2022 Time: 17:0 # 4

Wang et al. ASIC1/Calpain1 Activation Promotes Lipid Accumulation

FIGURE 1 | Extracellular acidification aggregates lipid deposition in macrophages. (A) RAW 264.7 cells were cultured in 25 µg/ml oxidized low-density lipoprotein
(ox-LDL) in different pH media for 24 h. Lipid accumulation was detected by Oil red O (ORO) staining. (B) ORO staining positive areas were quantified. (C,D)
Intracellular cholesterol and triglycerides contents were determined by enzymatic assay. (E) CCK-8 kit was used to detect cell viability and proliferation. Results are
expressed as the mean ± SEM. Statistical analysis was performed by one-way analysis of variance (ANOVA). *P < 0.05; **P < 0.01; ***P < 0.001.

RESULTS

Extracellular Acidification Increases
Intracellular Lipid Accumulation
To acquire the role of extracellular acidification in macrophage-
derived foam cells, RAW 264.7 macrophage cells were cultured
in 25 µg/ml ox-LDL and different acidic pH media for 24 h.
ORO staining was used to detect lipid accumulated in the cells
under different pH media. Compared with pH 7.4 medium,
lipid accumulation was significantly increased in the pH 7.0
group and pH 6.5 group (Figures 1A,B). Furthermore, the
contents of triglycerides and cholesterol were measured in
different pH media (Figures 1C,D). The results demonstrated
that triglycerides and cholesterol contents were both significantly

increased in the pH 7.0 and pH 6.5 groups as compared with
the pH 7.4 group. In addition, the results of the CCK-8 assay
revealed that pH 7.0 and pH 6.5 culture media had less influence
on cell viability (Figure 1E). These results demonstrate that
extracellular acidification directly promotes lipid accumulation in
RAW 264.7 cells.

Extracellular Acidification Promotes the
Expressions and Translocation of
Acid-Sensing Ion Channel 1 in RAW
264.7 Cells
Next, we explored the potential signaling that could be
responsible for the extracellular acidification-induced lipid
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FIGURE 2 | Extracellular acidification promotes acid-sensing ion channel 1 (ASIC1) expression and translocation in macrophages. RAW 264.7 macrophages were
incubated with ox-LDL (25 µg/ml) in different pH media for 24 h. (A) Representative immunofluorescence of ASIC1 and DiI in RAW 264.7 macrophages. The scale
bar is 10 µm. (B) The membrane protein levels of ASIC1 were measured using Western blot (WB) analysis. Data were shown as the mean ± SEM from 3 to 4
independent experiments. Statistical analysis was performed by one-way ANOVA. **P < 0.01, ***P < 0.001.

deposition in RAW 264.7 cells. Activation of ASIC1 contributes
to neuronal cell death in the contest of tissue acidosis (Borg
et al., 2020). We clarified whether similar mechanisms are
implicated in increasing lipid accumulation in RAW 264.7 cells.
We examined the expression and membrane translocation of
ASIC1 in RAW 264.7 cells using immunofluorescent staining and
Western blotting, respectively. As indicated in Figure 2A, DiI
perchlorate (a far-red fluorescent to track cell membrane) was
used to stain cellular membranes. The co-localization (indicated
by yellow color) of ASIC1 and DiI was much higher in the pH
7.0 and 6.5 groups than those in the pH 7.4 group, respectively.
Western blotting results also show that ASIC1 protein expression
in the cell plasma membrane of these two acidic pH groups
was markedly increased as compared with the pH 7.4 group,
respectively (Figure 2B). These results suggest that ASIC1 may
be associated with lipid accumulation in RAW 264.7 cells induced
by extracellular acidification.

Extracellular Acidification Promotes
Calpain1 Expression via Acid-Sensing
Ion Channel 1 Activation
Considerable evidence proves that the ASIC1 activation
enhances calcium influx, which results in the activation
of calpain1 (Verheijden et al., 2018; Wang et al., 2020).
Therefore, we investigated the relationship between ASIC1 and
calpain1 expression in RAW 264.7 cells under the extracellular
acidification condition. As expected, consistent with the
increases in ASIC1 expressions, calpain1 protein levels were
significantly elevated in the pH 7.0 group and pH 6.5 group
as compared with the control group (Figure 3A). Of note,
treatment with ASIC1 inhibitor amiloride abolished the
increases in calpain1 expression under extracellular acidification
conditions (Figure 3B). These results illustrate that ASIC1
activation enhances calpain1 expression in RAW 264.7 cells
induced by extracellular acidification. Collectively, these

results imply that ASIC1/calpain1 activation may involve
extracellular acidification-promoted lipid deposition in
RAW 264.7 cells.

Extracellular Acidification Inhibits
ATP-Binding Cassette Protein A1
Expression and ATP-Binding Cassette
Protein A1-Mediated Cholesterol Efflux
ATP-binding cassette transporter A1 protein on the surface
of macrophages can easily be degraded by calpain1-mediated
proteolysis (Martinez et al., 2003). Given the elevated levels of
calpain1 in RAW 264.7 cells, we hypothesized that extracellular
acidification might decrease the protein levels of ABCA1. The
ABCA1 protein levels were detected using Western blotting, and
ABCA1-mediated cholesterol efflux was measured using a high-
throughput NBD-labeled cholesterol efflux assay. As expected,
Western blotting results indicated that the levels of ABCA1 were
much lower at pH 6.5 than at pH 7.0 and pH 7.4, respectively
(Figure 4A), revealing that extracellular acidification decreased
the ABCA1 protein expression in RAW 264.7 cells. Consistent
with the lowered expression of ABCA1, cholesterol efflux was
markedly reduced in the pH 6.5 group as compared with that
in the pH 7.4 group and pH 7.0 group (Figure 4B). Altogether,
these results demonstrate that extracellular acidification impedes
ABCA1-mediated cholesterol efflux, thereby accelerating lipid
accumulation in RAW 264.7 cells.

Extracellular Acidification Increases
Lipid Accumulation and Decreases
ATP-Binding Cassette Protein
A1-Mediated Cholesterol Efflux via
Acid-Sensing Ion Channel 1 Activation
Given that ASIC1 expression is increased in RAW 264.7
macrophages challenged with extracellular acidification, we
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FIGURE 3 | Extracellular acidification enhances calpain1 expression via activating ASIC1 in macrophages. (A) RAW 264.7 cells were incubated in different pH media
with ox-LDL for 24 h, and then the expression of calpain1 was determined using WB analysis. (B) RAW 264.7 macrophages were incubated in pH 6.5 medium
containing 25 µg/ml ox-LDL with amiloride (0, 50, and 100 µM) for 24 h. Calpain1 expression was determined using WB analysis. Data were shown as the
mean ± SEM from 3 to 4 independent experiments. Statistical analysis was performed by one-way ANOVA. **P < 0.01; ***P < 0.001.

FIGURE 4 | Extracellular acidification decreases ABCA1 protein levels and cholesterol efflux of macrophages. (A) RAW 264.7 cells were incubated in different pH
media with 25 µg/ml ox-LDL for 24 h. The protein levels of ABCA1 were valued using WB analysis. (B) ABCA1-mediated cholesterol efflux was analyzed using an
NBD-cholesterol kit. Data were shown as the mean ± SEM from 3 to 4 independent experiments. Statistical analysis was performed by one-way ANOVA. *P < 0.05;
***P < 0.001.

determined the effect of this receptor on lipid accumulation
and ABCA1-dependent efflux of the cells. RAW 264.7 cells were
exposed to an acidic culture medium (pH 6.5) with or without
ASIC1 inhibitor amiloride for 24 h. Lipid deposition, ABCA1
expression, and cholesterol efflux were measured (Figures 5A–
D). ORO results showed that lipid accumulation (indicated
by ORO positive area) was obviously attenuated in groups
treated with 50 and 100 µM amiloride as compared with the
control group (Figures 5A,B), respectively, indicating that ASIC1
activation promotes lipid accumulation induced by acidic pH.

Cholesterol efflux prevents lipid accumulation in macrophage
cells. Hence, we further investigated whether inhibition of
ASIC1 could reverse the decreases in ABCA1 expression and
ABCA1-dependent cholesterol efflux of RAW 264.7 cells under

extracellular acidification conditions. Western blotting results
showed that ABCA1 protein levels of ASIC1 inhibitor groups
were significantly increased as compared with that of the
control group (Figure 5C). Consistent with the changes in
ABCA1 expression, the percentage of cholesterol efflux to
ApoA1 was much higher in the ASIC1 inhibitor groups than
that of the control group (Figure 5D). Taken together, these
results demonstrate that extracellular acidification suppresses
ABCA1-mediated cholesterol efflux viaASIC1 activation, thereby
promoting macrophage lipid accumulation.

Moreover, the storage levels of triglycerides and cholesterol
were detected in RAW 264.7 macrophages cultured in a pH
6.5 medium with or without amiloride for 24 h (Figures 5E,F).
The contents of triglycerides and cholesterol were significantly
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decreased in 50 and 100 µM amiloride groups compared with
those of the control group. These results indicate that ASIC1
activation promotes lipid accumulation.

Extracellular Acidification Promotes
Lipid Accumulation and Inhibits
ATP-Binding Cassette Protein
A1-Mediated Cholesterol Efflux via
Acid-Sensing Ion Channel 1/Calpain1
Pathway
To further verify whether extracellular acidification increased
lipid deposition and decreased cholesterol efflux via the
activation of ASIC1/calpain1 signaling, RAW 264.7 cells were
treated with PcTx-1 (a specific ASIC1 inhibitor) or PD150606
(a specific calpain1 inhibitor). We found that ASIC1 inhibitor
PcTx-1 abolished the increases in calpain1 expression and
lipid accumulation in RAW 264.7 cells under an acidic
microenvironment (Figures 6A–C). Moreover, PcTx-1 treatment
reversed the influence of extracellular acidification on the
inhibition of ABCA1 protein expression and cholesterol efflux
(Figures 6D,E). Interestingly, similar results were obtained
when the cells were treated with calpain1 inhibitor PD150606
(Figures 6D,E). Furthermore, real-time PCR (RT-PCR) results
indicated that there was no significant difference in the ABCA1
mRNA expression both in PcTx-1 and calpain1 groups as
compared with the pH 6.5 group (Supplementary Figure 1),
suggesting that these two inhibitors had less influence on the
ABCA1 mRNA expression. Taken together, these data manifest
that the activation of ASIC1/calpain1 signaling contributes
to extracellular acidification-promoted lipid accumulation in
RAW 264.7 cells.

DISCUSSION

Acid-sensing ion channel 1 has been confirmed to play
critical roles in pathophysiological acidosis occurring during
neurological disorders, such as ischemic stroke and various
neurodegeneration (Friese et al., 2007; Borg et al., 2020).
However, the potential roles of ASIC1 in macrophage lipid
metabolism under extracellular acidification conditions are
unclear. This study shows that an ASIC1-dependent increase
in calpain1 activity and reduction in ABCA1 protein levels
are evoked in RAW 264.7 cells cultured in an acidic medium.
Importantly, inhibiting the activation of the ASIC1/calpain1
pathway by the inhibitors PcTx-1 and PD150606 not only
restored ABCA1 protein levels but also significantly facilitated
ABCA1-mediated cholesterol efflux and diminished lipid
deposition in RAW 264.7 cells exposed to the extracellular
acidification. These findings present a novel mechanism
that extracellular acidification diminishes ABCA1-dependent
cholesterol efflux and ultimately induces foam cell formation via
activation of the ASIC1/calpain1 pathway.

Acidic intimal fluid pH prevails in local areas of
atherosclerotic plaques, where macrophage-derived foam
cells locate (Liu et al., 2019). Furthermore, macrophages exposed

to modified LDL are capable of generating acidic pericellular
environments with pH values even lower than 5.0 (Naghavi
et al., 2002; Sluimer et al., 2008). In this study, we first built
an extracellular acidification-induced macrophage foam cell
model by culturing RAW 264.7 cells in pH 6.5 medium, which
may closely mimic the acidic microenvironment-surrounded
macrophages within atherosclerotic lesions. Our results
confirmed that extracellular acidification notably diminished
ABCA1-mediated cholesterol efflux and exacerbated lipid
deposition in RAW 264.7 macrophages. Consistently, the
acidic extracellular pH also profoundly compromised ABCA1-
dependent cholesterol efflux from human monocyte-derived
macrophage foam cells (Lee-Rueckert et al., 2020). To clarify
the mechanisms underlying extracellular acidification-induced
lipid accumulation in RAW 264.7 macrophage cells, we
explored the ASIC1/calpain1/ABCA1 signaling in which the
acidic extracellular pH involved, including changes in ASIC1
expression and cell membrane translocation, calpain1 and
ABCA1 protein levels, and ABCA1-mediated cholesterol efflux.

In this study, we showed the critical role of ASIC1 in
extracellular acidification-induced lipid accumulation in RAW
264.7 macrophage cells. ASIC1 is widely expressed in the nervous
and cardiovascular systems (Arun et al., 2013; Qiang et al., 2018).
Under normal conditions, this protein is primarily expressed in
the nucleus. Once exposed to an extracellular acidic pH value,
ASIC1 will translocate from nucleus to cell membrane (Zhang Y.
et al., 2020), thereby being activated by extracellular protons to
trigger downstream signaling cascades such as calpain1 activation
and RIP1 interaction (Wang et al., 2015; Stankowska et al., 2018).
To explore whether this channel is involved in extracellular
acidification-induced lipid accumulation, we first clarified the
changes in ASIC1 expression in the membrane when RAW
264.7 cells were cultured in an acidic medium. Our results
indicated that ASIC1 is expressed in RAW 264.7 cells and that
extracellular acidification significantly promoted its expression
and cell membrane translocation. Consistent with the increase in
ASIC1 expression in the membrane, intracellular lipid deposition
aggregated obviously. Notably, ASIC1-specific inhibitor PcTx-1
treatment significantly attenuated lipid accumulation in the cells
under extracellular acidification conditions. These findings reveal
that extracellular acidification promoted lipid accumulation in
RAW 264.7 cells via ASIC1 activation.

ATP-binding cassette transporter A1 impedes foam cell
formation and atherogenesis by facilitating cholesterol efflux
(Phillips, 2018). Several studies indicate that ABCA1-mediated
cholesterol efflux is decreased both in cultured macrophage cells
and in atherosclerotic plaques, and this decreased capability
is closely related to extracellular acidic pH (Yu et al.,
2013; Jin et al., 2018). However, the mechanism underlying
extracellular acidification-induced reductions in cholesterol
efflux is unknown. Thus, in our study, we explored the influences
of ASIC1 activation on the ABCA1 expression in RAW 264.7 cells
under extracellular acidification conditions. Our results present
that the ABCA1 protein level is decreased under such conditions,
coupled with the diminished capability of cholesterol efflux in
RAW 264.7 cells. As expected, the decreases both in ABCA1
protein levels and cholesterol efflux were reversed by treatment
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FIGURE 5 | Inhibition of ASIC1 impedes lipid accumulation and promotes ABCA1-mediated cholesterol efflux of macrophages. RAW 264.7 macrophages were
cultured in 25 µg/ml ox-LDL and amiloride (0, 50, and 100 µM) under pH 6.5 condition for 24 h. (A) Lipid deposition was detected by ORO staining. (B) ORO
positive areas were quantified. (C) ABCA1 protein levels were measured using WB analysis. (D) ABCA1-mediated cholesterol efflux was determined using an
NBD-cholesterol kit. (E,F) Intracellular cholesterol and triglycerides contents were determined by enzymatic assay. Data were shown as the mean ± SEM from 3 to 4
independent experiments. Statistical analysis was performed by one-way ANOVA. *P < 0.05; **P < 0.01; ***P < 0.001.

with ASIC1 inhibitors amiloride and PcTx-1. Taken together,
these findings demonstrate that ASIC1 activation by extracellular
acidification lowers ABCA1 protein levels, thereby decreasing
cholesterol efflux from RAW 264.7 macrophages.

The mechanism of extracellular acidification-induced
ABCA1 protein degradation results from the activation of
the ASIC1/calpain1 pathway. Several lines of evidence have
identified that ASIC1 activation enhances calcium influx
(Gonzalez Bosc et al., 2016). Calpain1 is a calcium-dependent
cysteine protease and its activation promotes the degradation
of ABCA1 protein (Martinez et al., 2003; Yokoyama et al.,

2012). Therefore, we assumed that extracellular acidification
enhanced the activity of calpain1 via ASIC1 activation. In fact,
the activation of ASIC1 significantly increases the expression
of calpain1 in RAW 264.7 macrophages cultured in an acidic
medium, indicating that ASIC1/calpain1 pathway is activated
in this context. To clarify the role of this signaling activation in
extracellular acidification-induced changes in ABCA1 protein
levels and cholesterol efflux, we employed specific inhibitors
to inhibit ASIC1/calpain1 activation. We found that ASIC1
inhibitor treatments remarkably lowered the levels of calpain1
in RAW 264.7 cells exposed to the acidic culture medium.

Frontiers in Physiology | www.frontiersin.org 8 January 2022 | Volume 12 | Article 77738647

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-12-777386 January 13, 2022 Time: 17:0 # 9

Wang et al. ASIC1/Calpain1 Activation Promotes Lipid Accumulation

FIGURE 6 | Extracellular acidification increases macrophage lipid deposition via activating ASIC1/calpain1 to reduce ABCA1-dependent cholesterol efflux. RAW
264.7 macrophage cells were incubated in pH 6.5 culture medium with or without ASIC1 specific inhibitor PcTx-1 (100 ng/ml) or calpain1 inhibitor PD150606 (50
µM) for 24 h. (A) Calpain1 expression was evaluated using WB analysis. (B) Lipid deposition was detected using ORO staining. (C) ORO staining positive areas were
quantified. (D) ABCA1 expression was measured using WB analysis. (E) ABCA1-mediated cholesterol efflux was measured using the NBD-cholesterol kit. Data were
shown as the mean ± SEM from 3 to 4 independent experiments. Statistical analysis was performed by one-way ANOVA. ***P < 0.001.

Furthermore, our results confirmed that calpain1 inhibitor
PD150606 treatment profoundly elevated ABCA1 protein
levels of the cells under extracellular acidification conditions.
Accordingly, ABCA1-dependent cholesterol efflux is increased,
and lipid accumulation was reduced. Notably, there was no
significant difference in ABCA1 mRNA levels between the
PcTx-1 group, the PD150606 group, and the pH 6.5 alone group,
indicating that activation of ASIC1/calpain1 had no significant
influence on the macrophage ABCA1 mRNA expression under
acidic conditions. Collectively, these results revealed that the
activation of ASIC1 by extracellular acidification increases
the calpain1 activity, thereby facilitating calpain1-mediated
ABCA1 degradation.

It is undeniable that there are certain limitations in this work.
First, in this study, we explored the effect of the ASIC1/calpain1
pathway in extracellular acidification-induced macrophage lipid
accumulation only using pharmacological inhibitors and not
using siRNA to validate our findings. Second, the pilot study
revealed the role of ASIC1/calpain1 activation in macrophage
foam cell formation in vitro, and its actual atherogenic effect
needs to be further verified in vivo through ASIC1 knockout
and siRNA. Nonetheless, the results provided new insights

into the correlation between extracellular acidification and
ABCA1-mediated cholesterol efflux impairment, with ASIC1
acting as a link.

CONCLUSION

Extracellular acidification promotes ASIC1 activation and
ABCA1 degradation via enhancing calpain1 activity, leading
to decreased ABCA1 protein levels and diminished cholesterol
efflux in macrophages, ultimately causing lipid deposition,
and macrophage-derived foam cell formation. Inhibition
of ASIC1/calpain1 signaling to restore ABCA1-mediated
cholesterol efflux may be a promising therapeutic approach for
atherosclerotic diseases.
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Estrogen-Induced Impairment of Bile 
Acid Metabolomics in Rats
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Multidrug resistance-associated protein 2 (Mrp2) mediates biliary secretion of anionic 
endobiotics and xenobiotics. Genetic alteration of Mrp2 leads to conjugated 
hyperbilirubinemia and predisposes to the development of intrahepatic cholestasis of 
pregnancy (ICP), characterized by increased plasma bile acids (BAs) due to mechanisms 
that are incompletely understood. Therefore, this study aimed to characterize BA 
metabolomics during experimental Mrp2 deficiency and ICP. ICP was modeled by 
ethinylestradiol (EE) administration to Mrp2-deficient (TR) rats and their wild-type (WT) 
controls. Spectra of BAs were analyzed in plasma, bile, and stool using an advanced 
liquid chromatography–mass spectrometry (LC–MS) method. Changes in BA-related 
genes and proteins were analyzed in the liver and intestine. Vehicle-administered TR rats 
demonstrated higher plasma BA concentrations consistent with reduced BA biliary 
secretion and increased BA efflux from hepatocytes to blood via upregulated multidrug 
resistance-associated protein 3 (Mrp3) and multidrug resistance-associated protein 4 
(Mrp4) transporters. TR rats also showed a decrease in intestinal BA reabsorption due to 
reduced ileal sodium/bile acid cotransporter (Asbt) expression. Analysis of regulatory 
mechanisms indicated that activation of the hepatic constitutive androstane receptor 
(CAR)-Nuclear factor erythroid 2-related factor 2 (Nrf2) pathway by accumulating bilirubin 
may be  responsible for changes in BA metabolomics in TR rats. Ethinylestradiol 
administration to TR rats further increased plasma BA concentrations as a result of reduced 
BA uptake and increased efflux via reduced Slco1a1 and upregulated Mrp4 transporters. 
These results demonstrate that Mrp2-deficient organism is more sensitive to estrogen-
induced cholestasis. Inherited deficiency in Mrp2 is associated with activation of Mrp3 
and Mrp4 proteins, which is further accentuated by increased estrogen. Bile acid monitoring 
is therefore highly desirable in pregnant women with conjugated hyperbilirubinemia for 
early detection of intrahepatic cholestasis.

Keywords: Mrp2-deficient rats, estrogen, cholestasis, bile acids, Nrf2
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INTRODUCTION

Estrogen-induced cholestasis is regarded clinically as the 
hepatic disorder in women with increased estrogen levels 
during pregnancy, or it may develop during estrogen 
administration as a part of hormonal contraception or 
hormonal replacement therapy (Rezai et al., 2015). Increased 
estrogen production contributes to the development of 
intrahepatic cholestasis of pregnancy (ICP), which is 
characterized by symptoms including pruritus, abnormal 
liver function, and raised serum bile acid (BA) levels, 
occurring especially in the third trimester. Besides unpleasant 
subjective symptoms, ICP threatens the fetus with a higher 
incidence of adverse pregnancy outcomes such as iatrogenic 
preterm delivery, nonreassuring fetal status, meconium staining 
of the amniotic fluid, and stillbirth. Prophylaxis and effective 
therapy of ICP are therefore of the highest priority. The 
need for proper management of ICP is further accentuated 
by a significant overall incidence of this disorder. The main 
factor responsible for fetal injury during ICP is elevated 
BAs, especially when plasma BAs concentration exceeds 
40 mM. Therefore, understanding the factors which may 
predispose to or alleviate the accumulation of BAs during 
ICP is currently at the center of attention. Furthermore, 
individual BAs show different characteristics, with hydrophobic 
ones, such as lithocholic acid or deoxycholic acid, being 
more toxic than hydrophilic species, such as ursodeoxycholic 
acid (UDCA), which is even used as first-line therapy in 
ICP. These BAs also express different potency and efficacy 
to activate BA receptors, such as farnesoid X receptor (FXR) 
and pregnane X receptor (PXR). Spectra of BAs must 
be  therefore analyzed to understand pathophysiological  
consequences.

Multidrug resistance-associated protein 2 (Mrp2) is a major 
apical efflux pump for biliary secretion of various amphipathic 
organic anion conjugates, including BAs. Mrp2 creates a key 
component of BA-independent bile formation by mediating 
biliary secretion of glutathione (GSH). Homozygous mutations 
of the gene encoding Mrp2 (ABCC2) cause Dubin-Johnson 
syndrome, a rare liver disorder that presents with conjugated 
hyperbilirubinemia (Jemnitz et  al., 2010). In contrast, BA 
metabolomics has not been entirely studied in individuals with 
Mrp2 deficiency. Douglas et al. (1980) initially reported increased 
fasting conjugated cholate concentration and prolonged 
intravenous clearance of sodium glycocholate in a woman with 
Dubin-Johnson syndrome. Reduced cholic acid (CA) clearance 
was also detected in sheep exhibiting inherited defects in hepatic 
bilirubin transport similar to human Dubin-Johnson syndrome 
(Engelking and Gronwall, 1979). More recent work reports 
that net plasma concentrations of BAs are often increased in 
individuals with Mrp2 mutations (Togawa et  al., 2018; Junge 
et  al., 2021), although exceptions also exist (Fu et  al., 2021). 
To date, individual BAs in individuals with Mrp2 mutations 
have not been analyzed. Moreover, several studies have provided 
evidence that ABCC2 variants are associated with an increased 
risk of ICP and cholestasis induced by estrogen contraceptives 
(Sookoian et al., 2008; Dixon et al., 2017; Kularatnam et al., 2017; 

Huynh et al., 2018; Corpechot et al., 2020), albeit a contradictory 
report also exists (Meier et  al., 2008). The exact mechanisms 
whereby Mrp2 deficiency modifies BA metabolomics and its 
relationship to ICP have been poorly studied.

Given this knowledge gap, the present study aimed to 
elucidate the role of Mrp2  in the development of estrogen-
induced cholestasis. We used Mrp2-deficient rats together with 
their wild-type (WT) controls and induced cholestasis by 
repeated administration of ethinylestradiol (EE). Previous 
experimental studies failed to find any alteration of BA biliary 
secretion in Mrp2-deficient rats after a single dose or 3-day 
EE regimen (Koopen et al., 1998; Huang et al., 2000). However, 
impairment of bile flow during ICP is more chronic. Therefore, 
we  used the current standard model of ICP that involves 
ethinylestradiol administration over a 5-day period. This longer 
ethinylestradiol treatment worsened cholestasis in Mrp2-deficient 
rats and significantly altered BA metabolomics accompanied 
by increased plasma BA concentrations.

MATERIALS AND METHODS

Chemicals
Ethinylestradiol (>98% purity), methanol, acetonitrile, ammonium 
acetate, acetic acid, formic acid (each in LC/MS grade purity), 
and D5 CA were purchased from Merck (Prague, 
Czech  Republic). Bile acid standards were purchased from 
Steraloids, Inc. (Newport, Rhode Island) and Sigma-Aldrich 
(St. Louis, Missouri).

Animal Study
Multidrug resistance-associated protein 2 deficient (TR, 
transporter-deficient) Lewis rats or complementary Lewis WT 
rats were a kind gift from Prof. Ingrid Kloting, Institut für 
Pathophysiologie, Karlsburg, Germany. All experimental protocols 
were conducted in accordance with EU Directive 2010/63/EU 
for animal experiments. The project was approved by the Animal 
Welfare Bodies of the Faculty of Medicine in Hradec Kralove 
and the Ministry of Education, Youth and Sports of the 
Czech  Republic (Approval No. MSMT-23573/2015-5). Animals 
were housed at a constant humidity of 55 ± 10% and a constant 
temperature of 22 ± 1°C under a 12 h light/dark cycle with 
free access to water and food. Around 12-week-old female TR 
and WT rats were randomized to receive either propanediol 
(vehicle) or EE (5 mg/kg body weight) subcutaneously once 
daily for 5 consecutive days (six animals/group). Therefore, 
there were four groups of animals: (i) WT-Ve – WT rats 
administered with the vehicle; (ii) WT-EE – WT rats receiving 
ethinylestradiol; (iii) TR-Ve – TR rats administered with the 
vehicle; and (iv) TR-EE – TR rats receiving ethinylestradiol. 
The stool was collected over the last 24-h after the last 
administration of the ethinylestradiol to analyze bile acid fecal 
elimination. Thereafter, all animals underwent a clearance study 
performed under general anesthesia induced by pentobarbital 
(50 mg/kg, i.p.). Herein, the bile duct was cannulated and bile 
was collected for 60 min. Sample of blood for bile acid analysis 
was taken in the middle of the collection period from the 
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cannulated carotid artery. A blood sample for biochemical 
analysis was taken after bile collection. Animals were then 
sacrificed by anesthetic overdose, and organs were removed 
and stored at −80°C for further analysis.

Analytical Methods
Standard biochemical analyses of plasma samples from rats 
were performed by routine methods in Central laboratories 
of University Hospital using Modular PP analyzer (Roche, Basel, 
Switzerland). The analysis of bile acids was performed using 
the Acquity I-Class UHPLC system (Waters, Milford, 
United  States), implementing separation on YMC Triart C18 
column 50 × 2.1 mm (YMC, Japan). The gradient separation 
was accomplished at flow rate of 0.35 ml.min−1 and temperature 
45°C with mobile phase composed of solvent A (0.5 mM 
ammonium acetate, acetic acid 0.001% v/v) and solvent B 
(methanol:acetonitrile – 75:25 v/v mixture with 0.5 mM 
ammonium acetate and 0.001% v/v acetic acid). Gradient 
program was as follows: 0–0.2 min, 40% of solvent B; 0.2–7.0 min, 
40–70% of solvent B; 7.0–8.0 min, 70–90% of solvent B; 
8.0–8.5 min, 90–95% of solvent B; and 9.0–11 min 40% of 
solvent B. Xevo-TQ/XS triple quadrupole (Waters, Milford, 
United  States) operated in negative ESI mode was used for 
detection. Compounds were monitored using multiple reaction 
monitoring transitions: 375→375 (non-conjugated monohydroxy 
BA), 391→391 (non-conjugated dihydroxy BA), 407→407 
(non-conjugated trihydroxy BA), 432→74 (glycine-conjugated 
monohydroxy BA), 448→74 (glycine-conjugated dihydroxy BA), 
464→74 (glycine-conjugated trihydroxy BA), 482→80 (taurine-
conjugated monohydroxy BA), 498→80 (taurine-conjugated 
dihydroxy BA), and 514→80 (taurine-conjugated trihydroxy 
BA). Ion source settings were as follows: Capillary voltage 
2.5 kV, cone voltage 50 V, desolvation temperature 600°C, 
desolvation gas 1,000 L/h, and cone gas 350 L/h. MassLynx 
software was used for LC/MS data acquisition (Version 4.2, 
Waters, Milford, United States). The concentrations of individual 
BA were summed to calculate the concentration of conjugated, 
unconjugated, and total BA. Primary BA: (T/G)CA [(tauro/
glyco)cholic acid], (T)CDCA [(tauro)chenodeoxycholic acid], 
(T)αMCA, and (T)βMCA [(tauro)muricholic acid]; secondary 
BA: (T)DCA [(tauro)deoxycholic acid], (T)LCA [(tauro)
lithocholic acid], (T)UDCA [(tauro)ursodeoxycholic acid], (T)
MDCA [(tauro)murideoxycholic acid], THCA (taurohyocholic 
acid), (T)HDCA [(tauro)hyodeoxycholic acid]; 12α-OH BA: 
(T)CA and (T)DCA; non12α-OH BA refers to all the remaining 
BA. Concentrations of reduced GSH and oxidized glutathione 
(GSSG) were analyzed using a validated HPLC method  
with fluorescence detection, as described previously  
(Hirsova et  al., 2013).

Quantification of Gene and Protein 
Expression Levels
Quantitative reverse transcription-PCR (qRT-PCR) and Western 
blot analyses were completed using previously reported methods 
(Prasnicka et  al., 2017). Individual gene assays are listed in 
Table  1 and were purchased from Thermo Fisher Scientific 

(MA, United  States). Antibodies used for Western blot are 
summarized in Table  2.

Statistical Analysis
All statistical analyses were performed using the statistical 
software GraphPad Prism 6 (San Diego, United  States). The 
results were initially tested for distribution to select the 
appropriate tests. The data are presented as medians with boxes 
and whiskers representing the interquartile range and 5th–95th 
percentiles, respectively. The statistical significance (p < 0.05) 
was determined using either one-way ANOVA for continuous 
variables or one-way ANOVA on ranks for nonparametric  
variables.

TABLE 1 | Pre-designed TaqMan® Gene Expression Assay kits (Life 
Technologies) used for quantitative reverse transcription-PCR (qRT-PCR).

Gene symbol
Protein (when 
different name from 
gene)

Life technologies  
assay ID

Slc10a1 Ntcp Rn00566894_m1
Abcb11 Bsep Rn00582179_m1
Cyp7a1 Rn00564065_m1
Cyp8b1 Rn00579921_s1
Cyp27a1 Rn00710298_m1
Cyp2c22 Rn01410778_m1
Abcc2 Mrp2 Rn00563231_m1
Abcc3 Mrp3 Rn01452854_m1
Abcc4 Mrp4 Rn01465702_m1
Oatp1 Slco1a1 Rn00755148_m1
Oatp2 Slco1a4 Rn00756233_m1
Oatp4 Slco1b2 Rn00668623_m1
Abcg2 Bcrp Rn00710585_m1
Gclc Rn00689046_m1
Gpx2 Rn00822100_gH
Nqo1 Rn00566528_m1
Asbt Slc10a2 Rn00691576_m1
Fgf15 Fgf19 Rn00590708_m1
Shp Nr0b2 Rn00589173_m1
GAPD (GAPDH) 4352338E Rn99999916_s1
Euk 18S rRNA 4333760F Hs99999901_s1

TABLE 2 | Primary and secondary antibodies used in Western blot.

Protein Source (cat. number) Dilution
Secondary 
antibody dilution

Mrp2 Enzo (ALX-801-037-C125) 1:300 1:2,000
Mrp3 Thermo Fisher (PA5–101482) 1:1,000 1:2,000
Mrp4 Cell signaling (12857S) 1:1,000 1:2,000
Cyp27a1 Thermo Fisher (PA5-27946) 1:1,000 1:2,000
Cyp7a1 Sigma Aldrich (MABD42) 1:1,000 1:2,000
Cyp8b1 Thermo Fisher (PA5–37088) 1:1,000 1:2,000
Cyp2c70 MyBioSource (MBS3223844) 1:1,000 1:2,000
Ntcp Sigma-Aldrich (SAB2108757) 1:1,000 1:2,000
Bsep Thermo Fisher (PA5-78690) 1:000 1:2,000
p-SAPK/JNK Cell signaling (4668S) 1:1,000 1:2,000
p-Erk 1/2 
(P-P44/42)

Cell signaling (4370S)
1:1,000 1:2,000

RXRa Cell signaling (5388S) 1:1,000 1:2,000
P65_NFKB Abcam (ab16502) 1:1,000 1:2,000
Gapdh Cell signaling (2118) 1:8,000 1:10,000
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RESULTS

Mrp2 Deficiency Alters Plasma 
Biochemical Parameters
To study Mrp2 function during cholestasis, we  employed TR 
rats, which harbor a spontaneous mutation in the Abcc2 gene 
leading to premature codon termination and Mrp2 deficiency. 
To induce cholestasis, female TR rats and WT controls received 
repeated doses of EE. Mrp2 deficiency or ethinylestradiol 
treatment did not affect the final bodyweight, while liver weight 
was significantly increased by ethinylestradiol or Mrp2 deficiency 
(Figures  1A,B). Plasma alkaline phosphatase (ALP) activity, a 
marker of cholestatic injury, was significantly increased by 
ethinylestradiol, but decreased in TR rats (Figure  1C). This 
unexpected reduction of plasma ALP activity in TR rats may 
be  a consequence of negative interference of the detection 
method with high bilirubin concentrations (Wang et al., 2014). 
Mrp2 deficiency increased hepatocellular injury as evident by 
increased plasma alanine aminotransferase (ALT) activity, though 
increase in aspartate aminotransferase (AST) did not reach 
statistical significance (Figures  1D,E). Administration of 
ethinylestradiol did not increase activities of plasma transaminases 
in either group, which is commonly reported in rodent models 
of EE-induced cholestasis (Pozzi et  al., 2003; Crocenzi et  al., 
2006; Zhao et al., 2009; Liu et al., 2018). This situation mimics 
prevailing functional cholestasis without severe hepatocyte injury. 
TR rats displayed hyperbilirubinemia, which was further 
exacerbated by ethinylestradiol treatment (Figure 1F). Altogether, 
Mrp2 deficiency increases liver injury and causes severe 
hyperbilirubinemia in estrogen-induced cholestasis.

Loss of Mrp2 Impairs Biliary Secretion of 
BAs
Ethinylestradiol administration is a well-established rodent 
model of intrahepatic cholestasis associated with decreased 
bile secretion. The ability of ethinylestradiol to alter biliary 
secretion of bile acids was previously questioned in the Mrp2-
deficient rats when ethinylestradiol was applied over 3 days 
(Koopen et  al., 1998). Therefore, we  applied ethinylestradiol 
over a 5-day period, which significantly reduced bile flow 
in both WT and TR animals (Figure  2A). Bile is formed 
by active biliary secretion of BAs (BA-dependent bile flow) 
and glutathione (major component of BA-independent bile 
flow). As expected, the biliary secretion of glutathione was 
significantly reduced in ethinylestradiol-treated WT rats and 
vehicle-treated TR group when compared to WT controls 
(Figure 2B). Ethinylestradiol administration did not have any 
additional effect on biliary glutathione secretion in TR rats 
when compared to vehicle treatment. Both TR groups also 
showed increased liver content of reduced glutathione 
(Figure  2C). Ethinylestradiol did not change liver reduced 
glutathione content in either group. Oxidized glutathione form 
was significantly increased only in vehicle treated TR rats 
(Figure  2D). Liver ratio of reduced to oxidized form of 
glutathione was not significantly modified either by 
ethinylestradiol or Mrp2 deficiency (Figure  2E).

Analysis of BAs in the bile showed a significant reduction 
in their net biliary secretion in ethinylestradiol treated WT rats, 
reflecting the reduction in 12α-hydroxylated, non-12α-hydroxylated, 
primary, secondary, and conjugated bile acids (Figure  3A). 
We  have detected very low secretion of unconjugated BAs into 
bile in either group. Biliary secretion of total bile acids was also 
reduced in vehicle-treated TR rats due to reduced non-12α-
hydroxylated, primary, conjugated bile acids. Administration of 
ethinylestradiol to TR rats did not further reduce biliary secretion 
of total bile acids but it reduced secretion of 12α-hydroxylated 
and increased that of non-12α-hydroxylated bile acids compared 
to vehicle-treated TR rats (Figure  3A). As a result, ratio of 
12α-hydroxylated to non-12α-hydroxylated bile acids was increased 
in ethinylestradiol-administered WT rats, and in vehicle-
administered TR rats, while it decreased in ethinylestradiol 
administered TR rats (Figure  3B). The biliary ratio of primary 
to secondary bile acids was reduced only in vehicle-treated TR 
rats compared to vehicle-treated WT group (Figure 3B). Significant 
discrepancies were noted in biliary secretion of individual bile 
acids (Figure  3C). Ethinylestradiol reduced biliary secretion of 
taurochenodeoxycholic acid (TCDCA), taurodeoxycholic acid 
(TDCA), tauro-muricholic acid (TMCA), and taurocholic acid 
(TCA) in WT rats. Mrp2 deficiency in vehicle-treated TR rats 
led to reduced biliary secretion of TCDCA and TMCA, and 
increased secretion of TDCA. Ethinylestradiol-treated TR rats 
had reduced biliary secretion of glycocholic acid (GCA), TDCA, 
and TCA, and increased secretion of TUDCA and TMCA 
compared to control TR rats. These data suggest that Mrp2 
deficit indeed impairs biliary secretion of bile acids and their spectra.

Intestinal Reabsorption of BAs Is Reduced 
in Mrp2-Deficient TR Rats
Bile acids delivered to the intestine via bile are metabolized 
by intestinal microbiota and mainly reabsorbed in the ileum. 
Reduced reabsorption of BAs from the intestine is one of the 
compensatory reactions of organism to cholestasis. Reduced 
reabsorption can be  identified as retained stool excretion of 
BAs, while BA biliary secretion is reduced. This was indeed 
detected in WT rats administered with ethinylestradiol and 
in both TR groups (Figure 4A). Group analysis of BAs revealed 
reduced stool excretion of primary and conjugated BAs in 
vehicle-treated TR rats; and both these changes were restored 
by administration of ethinylestradiol (Figure 4A). Ethinylestradiol 
significantly reduced ratio of 12α-hydroxylated/non-12α-
hydroxylated BAs in both WT and TR rats when compared 
with corresponding vehicle-treated groups (Figure 4B). Vehicle-
treated TR rats had also significantly reduced the primary to 
secondary BA ratio compared with WT animals. This ratio 
was increased in TR animals by ethinylestradiol administration 
compared to vehicle-administered TR (Figure  4B). Stool 
excretions of individual BAs were modified only in TR groups 
(Figure 4C). Vehicle-treated TR rats showed significant decrease 
in stool excretion of TMCA and aMCA. Addition of 
ethinylestradiol significantly increased fecal content of aMCA, 
bMCA, and TMCA in TR rats (Figure  4C). The altered 
reabsorption of BAs, especially FXR agonists such as CDCA, 
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into ileum enterocytes changed the expression of molecules 
involved in BA homeostasis (Figure  4D). The expression of 
Slc10a2 (Asbt protein), the apical transporter for BA reabsorption, 
was significantly reduced in vehicle-treated TR group when 
compared with vehicle-treated WT rats. The Slc10a2 also showed 
tendency toward reduction (p = 0.075) in ethinylestradiol-
administered WT rats compared with vehicle-treated WT. The 
major FXR target genes, Fgf15 and NR0B2 (Shp) were both 
suppressed in ethinylestradiol-treated WT rats and in both 
TR groups compared with vehicle-administered WT rats. 
Ethinylestradiol significantly increased Slc10a2 a NR0B2 
expression in Mrp2-deficient rats relative to vehicle administered 
TR group. These results indicate reduced intestinal reabsorption 

of BAs in WT and TR rats with reduced FXR receptor activation 
in ileum of these groups.

Ethinylestradiol Further Increases Already 
Raised Plasma BA Concentrations in TR 
Rats
Liquid chromatography–mass spectrometry (LC–MS) analysis 
of BA spectra in plasma identified significantly increased total 
BA concentrations in ethinylestradiol-treated WT rats, when 
compared to vehicle-treated WT group (Figure 5A). This increase 
was due to an increase in 12α-hydroxylated, primary bile acids. 
Mrp2 deficit in TR rats also led to a significant increase in 

A B C

D E F

FIGURE 1 | Ethinylestradiol (EE)-induced cholestasis exacerbates hyperbilirubinemia in multidrug resistance-associated protein 2 (Mrp2)-deficient TR rats. 
Cholestasis was induced by EE administration (5 mg/kg, s.c.) over 5 consecutive days. Experimental groups: WT-Ve, WT rats receiving vehicle; WT-EE, WT 
rats receiving ethinylestradiol; TR-Ve, TR rats receiving vehicle; and TR-EE, TR rats receiving ethinylestradiol. (A) Body weight at the end of the experiment. 
(B) Liver weight. (C) Plasma alkaline phosphatase (ALP) activity. (D) Plasma alanine aminotransferase (ALT) activity. (E) Plasma aspartate aminotransferase 
(AST) activity. (F) Plasma bilirubin concentrations. Data are presented as medians, with boxes and whiskers representing the interquartile range and 5th-95th 
percentiles, respectively. Significance: *p < 0.01, **p < 0.01, ***p < 0.001 compared to vehicle-treated wild-type (WT) rats; †††p < 0.001 compared to vehicle-
treated TR rats.
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total plasma BA concentrations due to an increase in 
12α-hydroxylated, primary, secondary but also unconjugated 
BAs relative to control WT rats. Administration of estrogen to 
TR rats further increased net plasma BAs by raising 
12α-hydroxylated, non-12α-hydroxylated, primary, secondary, 
and unconjugated BA concentrations. Vehicle-treated TR rats 
showed increased 12α-hydroxylated/non-12α-hydroxylated ratio 
compared to vehicle-treated WT group (Figure 5B). In contrast, 
ethinylestradiol reduced 12α-hydroxylated/non-12α-hydroxylated, 
and increased primary/secondary BA ratios in TR rats (Figure 5B). 
Individual bile acids showed just a tendency for increased plasma 
concentrations in cholestatic groups (Figure  5C). Only the 
plasma concentration of deoxycholic acid (DCA) was markedly 

increased in vehicle-treated TR rats compared to control WT, 
raising thus the 12α-hydroxylated/non-12α-hydroxylated BA ratio. 
These results indicate accumulation of BAs in plasma of Mrp2-
deficient TR rats, which is further worsened by ethinylestradiol.

Executive Pathways of BA Enterohepatic 
Recycling Are Impaired in TR Rats
To unravel mechanisms of increased plasma BA concentrations 
in Mrp2-deficient TR rats, we  analyzed major enzymes and 
transporters necessary for BA enterohepatic recycling (Figure 6A). 
As expected, ethinylestradiol administration to WT animals 
predictably reduced liver protein expression of Na+-taurocholate 

A
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B

FIGURE 2 | Ethinylestradiol administration reduced bile flow in WT and TR animals. Experimental groups: WT-Ve, WT rats receiving vehicle; WT-EE, WT rats 
receiving ethinylestradiol; TR-Ve, TR rats receiving vehicle; and TR-EE, TR rats receiving ethinylestradiol. (A) Bile flow rate. (B) Biliary secretion of glutathione. (C,D) 
Reduced and oxidized glutathione was measured in liver lysates and normalized to protein content. (E) Ratio of reduced to oxidized glutathione in the liver. Data are 
presented as medians, with boxes and whiskers representing the interquartile range and 5th-95th percentiles, respectively. Significance: **p < 0.01, ***p < 0.001 
compared to vehicle-treated WT rats; †p < 0.05 compared to vehicle-treated TR rats.
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cotransporting polypeptide (Ntcp; major basolateral transporter 
for uptake of BAs to hepatocytes), Mrp2, cholesterol 7α-hydroxylase 
(Cyp7a1; the rate-limiting enzyme for BA synthesis), and sterol 
12α-hydroxylase (Cyp8b1; the crucial enzyme for 12α-hydroxylated 
BA synthesis), and upregulated multidrug resistance-associated 
protein 4 (Mrp4; transporter responsible for the efflux of BAs 
from hepatocytes to plasma). As expected, Mrp2-deficient TR 
rats had negligible protein expression of Mrp2. In addition, 
these animals had downregulation of Cyp7a1, and upregulation 
Mrp4 proteins. Ethinylestradiol administration to TR rats 
downregulated Cyp8b1 and markedly induced Mrp4 efflux protein 
(Figure 6A). Other transporters for BAs such as Slco1a1, Slco1a4, 
Slco1b2, and Abcg2 were reduced by ethinylestradiol especially 
in TR group compared to vehicle-administered controls 
(Figure  6B). Interestingly, the expression of Slco1a1 and Abcg2 
was unchanged or even increased in WT-EE rats compared to 
the WT-Ve group indicating different patterns of regulation.

Nrf2 Was the Major Regulatory Pathway of 
BA Metabolomics Activated in TR Rats
Multiple pathways are involved in the regulation of BA 
homeostasis (Chiang and Ferrell, 2020). Therefore, 
we  screened the principal ones associated with estrogen-
induced cholestasis. Compared to vehicle-treated controls, 
ethinylestradiol activated FXR-Shp signaling in the liver of 
WT rats, as apparent from the repressed mRNA of Cyp7a1, 
Cyp8b1, Cyp27a1, and Slc10a1 (Ntcp; Figure  7A). Abcb11 
(Bsep), Abcc2 (Mrp2), and Abcc4 (Mrp4) were not regulated 
by ethinylestradiol at the transcriptional level (Figure  7A). 
Mrp2 deficiency in vehicle-treated TR rats was associated 
with reduced mRNA expression of Cyp7a1 and induced 
Abcc3 and Abcc4 (Figures  7A,B). Administration of 
ethinylestradiol to TR rats reduced mRNA expression of 
Cyp8b1, Cyp27a1, and Cyp2c22 without effect on mRNA of 
other transporters and enzymes.

A
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FIGURE 3 | Ethinylestradiol administration reduced biliary secretion of bile acids (BAs) in WT and TR animals. Experimental groups: WT-Ve, WT rats receiving 
vehicle; WT-EE, WT rats receiving ethinylestradiol; TR-Ve, TR rats receiving vehicle; and TR-EE, TR rats receiving ethinylestradiol. (A) Biliary secretion of different 
types of BAs. (B) Biliary ratios of essential bile acid groups. (C) Biliary secretion of individual bile acids. Data are presented as medians, with boxes and whiskers 
representing the interquartile range and 5th-95th percentiles, respectively. Significance: *p < 0.1 compared to vehicle-treated WT rats; †p < 0.05 compared to vehicle-
treated TR group. BA: 12α-hydroxylated (12-OH), non-12α-hydroxylated (non-12-OH), primary (Prim), secondary (Sec), conjugated (C), glycocholic acid (GCA), 
ursodeoxycholic acid (UDCA), hyodeoxycholic acid (HDCA), chenodeoxycholic acid (CDCA), deoxycholic acid (DCA), muricholic acid (MCA), and cholic acid (CA), 
with taurine conjugates TUDCA, taurohyodeoxycholic acid (THDCA), taurochenodeoxycholic acid (TCDCA), taurodeoxycholic acid (TDCA), tauro-muricholic acid 
(TMCA), and taurocholic acid (TCA).
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The mRNA expression of constitutive androstane receptor 
(CAR) target genes such as Cyp2b1/2 was reduced in 
ethinylestradiol administered groups compared with respective 
vehicle administered animals (Figure 7B). Another CAR target, 
Abcc3, was induced by ethinylestradiol in WT group, but 
unchanged in TR rats. CAR targets were induced in 

vehicle-treated TR group. Ethinylestradiol-induced Nuclear factor 
erythroid 2-related factor 2 (Nrf2) target gene expression such 
as Nqo1, Gclc, and Gpx2 in WT animals (Figure  7C). Similar 
induction was detected in vehicle-treated TR rats relative to 
WT group. In contrast, administration of ethinylestradiol to 
TR animals reduced mRNA expression of Nrf2 target genes 
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FIGURE 4 | Intestinal homeostasis of bile acids. Experimental groups: WT-Ve, WT rats receiving vehicle; WT-EE, WT rats receiving ethinylestradiol; TR-Ve, TR rats 
receiving vehicle; and TR-EE, TR rats receiving ethinylestradiol. BAs were analyzed in the feces collected over 24 h. (A) Stool excretion of different types of bile acids. 
(B) Ratios of essential bile acid groups in stool. (C) Stool excretion of individual bile acids. (D) The mRNA expression levels of essential BA transporter and 
regulators were analyzed in the ileum. Data are presented as median values, with boxes and whiskers representing the interquartile range and 5th-95th percentiles, 
respectively. Significance: *p < 0.05 and **p < 0.01 compared to vehicle-treated WT rats. †p < 0.05 and ††p < 0.01 compared to vehicle-treated TR group. BAs are 
presented as follows: 12-OH, non-12-OH, Prim, Sec, C, unconjugated (U), lithocholic acid (LCA), HDCA, DCA, α muricholic acid (αMCA), β muricholic acid (βMCA), 
and TMCA.
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compared to vehicle-treated TR rats. Intracellular MAP kinases, 
RXRa, and Nuclear factor NF-kappa-B (NF-kB) are another 
intracellular regulators of bile acid metabolism involved in the 

response of liver to ethinylestradiol administration. Indeed, 
tendency toward induction in p-JNK1/2 (p < 0.08), significantly 
induced p65-NF-kB and reduced RXRa were detected in WT 

A
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C

FIGURE 5 | Ethinylestradiol administration increased plasma concentrations of bile acids in WT and TR animals. Experimental groups: WT-Ve, WT rats receiving vehicle; 
WT-EE, WT rats receiving ethinylestradiol; TR-Ve, TR rats receiving vehicle; and TR-EE, TR rats receiving ethinylestradiol. (A) Types of bile acids measured in plasma. 
(B) Ratios of essential bile acid groups in plasma. (C) Concentrations of individual bile acids in the plasma. Data are presented as median values, with boxes and whiskers 
representing the interquartile range and 5th-95th percentiles, respectively. Significance: *p < 0.05 compared to vehicle-treated WT rats; †p < 0.05 compared to vehicle-treated 
TR group. BAs are presented as follows: 12-OH, non-12-OH, Prim, Sec, C, U, HDCA, CDCA, DCA, αMCA, βMCA, GCA, THDCA, TCDCA, TDCA, TMCA, TCA, and CA.
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rats administered with ethinylestradiol (Figure 7D). The RXRa 
was reduced in vehicle-treated TR rats compared with control 
WT group. Ethinylestradiol administration to TR rats caused 
further downregulation of RXRa and upregulation of p65-NF-kB 

relative to vehicle-treated TR animals. These results indicate 
that there are significant differences in ethinylestradiol-mediated 
regulation of BA homeostasis between WT and Mrp2-
deficient rats.

A

B

FIGURE 6 | Effect of ethinylestradiol and Mrp2 deficiency on the mRNA and protein expression of bile acid-related genes in the liver. Experimental 
groups: WT-Ve, WT rats receiving vehicle; WT-EE, WT rats receiving ethinylestradiol; TR-Ve, TR rats receiving vehicle; and TR-EE, TR rats receiving 
ethinylestradiol. (A) The protein expression of crucial bile acid synthetizing and transporting molecules in the liver. Dotted line shows where irrelevant 
bands were omitted. (B) The gene expression of alternative hepatocyte transporters for bile acids. Protein and mRNA levels were normalized to Gapdh 
expression. Data are presented as medians, with boxes and whiskers representing the interquartile range and 5th-95th percentiles, respectively. Protein 
and mRNA levels were normalized to Gapdh expression. Significance: *p < 0.05, compared to vehicle-treated WT rats; †p < 0.05 compared to vehicle-
treated TR group.
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DISCUSSION

The major finding of our study is that Mrp2-deficient animals 
show increased plasma concentrations of BAs and are sensitive 

to ethinylestradiol-induced cholestatic insult. Measurement of 
individual BAs in Mrp2-deficient animals was previously 
performed in one study, where the authors presented only 
relative peak areas standardized to D4-taurocholic acid using 
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FIGURE 7 | Effect of ethinylestradiol and Mrp2 deficiency on the mRNA or protein expression of pathways regulating bile acid homeostasis in the liver. Experimental 
groups: WT-Ve, WT rats receiving vehicle; WT-EE, WT rats receiving ethinylestradiol; TR-Ve, TR rats receiving vehicle; and TR-EE, TR rats receiving ethinylestradiol. 
(A) The mRNA expression of crucial bile acid synthetizing and transporting molecules in the liver. (B) The expression of genes regulated by constitutive androstane 
receptor (CAR). (C) The expression of Nuclear factor erythroid 2-related factor 2 (Nrf2) target genes. (D) Protein expression of key intracellular signaling molecules 
involved in the regulation of bile acid metabolomics. Protein and mRNA levels were normalized to Gapdh expression. Dotted line shows where irrelevant bands were 
omitted. Data are presented as medians, with boxes and whiskers representing the interquartile range and 5th-95th percentiles, respectively. Significance: *p < 0.05, 
compared to vehicle-treated WT rats; †p < 0.05 compared to vehicle-treated TR group.
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LC–MS analysis. This analysis showed a 1.6–62.1-fold increase 
in peak areas of plasma BAs in Mrp2-deficient animals compared 
to WT animals (Aoki et  al., 2011). However, the accuracy of 
such a standardization method may be  altered by different 
chemical characteristics of individual BAs. Indeed, our LC–MS 
analysis of absolute BA concentrations in plasma with separate 
calibrators showed an increased concentration of total BAs in 
plasma. This was the result of an overall tendency toward an 
increase for the majority of individual BAs, with the increase 
in DCA, a secondary 12α-hydroxylated bile acid (12-OH BA), 
reaching statistical significance. These data suggest a change 
at the level of net BA transport and synthesis of secondary 
BAs in Mrp2-deficient TR rats. Importantly, the shift of the 
plasma BA spectrum toward more lipophilic DCA may imply 
an increased risk of systemic toxicity.

Our vehicle-treated TR rats showed an expected reduction 
in BA-independent bile flow via reduction in Mrp2-mediated 
biliary secretion of glutathione. Mrp2 also transports glucuronide- 
and sulfate-conjugates of BAs, especially TCDCA and TLCA 
(Kuipers et  al., 1988; Takikawa et  al., 1991; Akita et  al., 2001). 
Previously, in Mrp2-deficient animals, net biliary secretion of 
BAs was not changed (Verkade et al., 1993) and concentrations 
of unconjugated and glycine/taurine-conjugated BAs were not 
different after administration of radiolabeled 14C-CDCA 
(Takikawa et al., 1991). However, at the time of these analyses, 
a sensitive method for BA detection was not available. Indeed, 
our results achieved by highly sensitive LC–MS analysis showed 
that biliary secretion of total BAs was reduced at the expense 
of monoconjugated TCDCA, TMCA, while secretion of TDCA 
was increased. We identified several factors which may contribute 
to this effect in Mrp2-deficient TR rats. First, BA synthesis 
in hepatocytes was reduced via repressed Cyp7a1, and BAs 
underwent increased efflux from hepatocytes to plasma via 
induced multidrug resistance-associated protein 3 (Mrp3) and 
Mrp4, thus reducing disposition of BAs for biliary secretion. 
This is consistent with previously described induction of Mrp3 
and Mrp4 in Mrp2-deficient rats (Oswald et al., 2006; Gavrilova 
et  al., 2007). As stated previously, Mrp3 level correlates with 
BA return to plasma (Akita et al., 2002), and Mrp4 transporter 
may contribute to this effect. Second, stool excretion of BAs 
was not changed despite the reduced BA intestinal delivery 
due to reduced BA biliary secretion. This indicates that BA 
reabsorption is reduced in the ileum, consistent with reduced 
expression of Asbt, a major absorption transporter for BAs. 
Therefore, reduced ileum expression of FXR target genes, such 
as Shp and Fgf15, may be a consequence of decreased reabsorption 
of FXR agonistic BAs, which was indeed detected for 
TCDCA. Interestingly, increased biliary secretion was noticed 
for TDCA. Coupled with unchanged stool excretion of DCA, 
this indicated that reabsorption of this BA in the ileum is 
increased. We  may only speculate that DCA was reabsorbed 
by passive diffusion in the large intestine (Chiang and Ferrell, 
2020). This may explain increased concentrations of DCA in 
the plasma of TR rats. Such a shift in the spectrum of BAs 
reduced the primary to secondary BA ratio in bile and stool 
of TR rats. It suggests increased conversion of primary BAs 
into secondary BAs by modified intestinal microbiota as a 

result of the altered flux of Mrp2 substrates, including BAs, 
from the liver to the intestine via bile. These findings indicate 
that Mrp2-deficient organism may be  predisposed to a more 
significant increase in plasma BA concentrations upon hormonal 
cholestatic insult.

Analysis of BA regulatory pathways revealed that liver changes 
in our Mrp2-deficient rats may be  related to the activation 
of Nrf2 as reflected by increased expression of its target genes, 
such as Nqo1, Gclc, and Gpx2. Nrf2 plays a critical role in 
regulating the transcription of cytoprotective genes during 
oxidative stress. Recently, it was shown that Nrf2 activation 
induces Mrp3 and Mrp4, represses Cyp7a1, decreases BA 
concentrations in the liver, and increases BAs in plasma 
(Aleksunes et al., 2008; Xu et al., 2010; Aleksunes and Klaassen, 
2012; Liu et  al., 2021), which was also apparent in our study. 
In addition, repression of Asbt in ileum enterocytes detected 
in our study was also seen upon Nrf2 activation (Zhang et  al., 
2020). Activation of Nrf2 may contribute to glutathione 
accumulation in TR rats due to activation of glutathione 
synthetizing enzymes in addition to the reduced glutathione 
biliary secretion due to Mrp2 deficiency. Interestingly, 
accumulating reduced glutathione and bilirubin provide 
significant antioxidative activity in the liver of Mrp2-deficient 
rats, yet Nrf2 is activated. This may be  a consequence of CAR 
activation (Rooney et al., 2019) by accumulated bilirubin, which 
is a known CAR agonist (Vítek, 2020). Indeed, we  observed 
marked induction of CAR target genes Abcc3, and Cyp2b1. 
Therefore, one potential mechanism of observed changes in 
BA homeostasis in TR rats may be bilirubin-mediated activation 
of CAR-Nfr2 pathway. TR rats also showed decreased RXRa, 
a versatile dimerization partner (Lefebvre et al., 2010) required 
for the formation of active heterodimers with orphan nuclear 
receptors involved in the regulation of BA metabolomics such 
as FXR (Garcia et  al., 2018). Other regulatory pathways seem 
to have a minor role in TR rats. Fgf15 released from the 
ileum is a major regulator BA synthesis by suppressing Cyp7a1 
expression in the liver through activation of the Fgfr4-JNK 
(c-Jun-N-terminal kinase) pathway (Chiang and Ferrell, 2020). 
Reduction of Fgf15 without activation of JNK excludes the 
contribution of Fgf15 to the observed Cyp7a1 reduction.

The major mechanism responsible for estrogen-induced 
cholestasis is the activation of ERa receptor with consequent 
transcriptional repression of basolateral uptake transporters for 
BAs such as Slc10a1 (Ntcp), and BA synthetic enzymes such 
as Cyp7a1 and Cyp8a1 (Geier et  al., 2003, 2007; Yamamoto 
et  al., 2006). Ethinylestradiol reduces transactivation of these 
molecules by decreasing regulatory hepatocyte nuclear factor 
1 (HNF1), and RXR: RAR factors, either directly or by induction 
of inflammatory reactions that activate several intracellular 
stress pathways including NF-kB, and JNK (Geier et  al., 2007). 
In agreement, our estrogen-treated WT rats showed a decrease 
in Ntcp, Oatp, Cyp7a1, Cyp8b1, and RXRa and activation of 
JNK and NF-kB. Similarly to previous results with 
ethinylestradiol-induced cholestasis, we  also detected 
posttranscriptional reduction of Mrp2 (Trauner et  al., 1997; 
Lee et al., 2000; Wagner et al., 2003; Ruiz et al., 2007; Cermanova 
et  al., 2015), Mrp4 upregulation (Faradonbeh et  al., 2021), 
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and unchanged Bsep protein expression (Ruiz et  al., 2007). 
Cholestasis after ethinylestradiol is typically associated with 
ERa-JNK-c-JUN mediated (Ruiz et  al., 2013) upregulation of 
Mrp3 basolateral efflux transporter for BAs (Hirsova et  al., 
2013; Muchova et  al., 2015), which all were also reproduced 
in our study. These mechanisms impede the transcellular 
transport of BAs and increase their concentrations in plasma. 
Furthermore, reduced biliary secretion of BAs in ethinylestradiol-
treated rats was coupled with unchanged fecal BA elimination. 
This indicates that reduced BA reabsorption in the intestine 
represents a compensatory mechanism to restore BA homeostasis 
during cholestasis (Zhang et  al., 2018). In agreement, reduced 
uptake of FXR agonistic BAs, such as CDCA and DCA, in 
the ileum led to reduced expression of target genes such as 
NR0B2 (Shp) and Fgf15 as also previously reported (Hirsova 
et  al., 2013; Faradonbeh et  al., 2021).

Few earlier studies analyzed estrogen-induced cholestasis 
in Mrp2-deficient rats. Koopen et  al. (1998) showed reduced 
bile flow in Mrp2-deficient rats after 3-day ethinylestradiol 
treatment, although biliary secretion of glutathione, bilirubin, 
and net BAs was not changed. Two other studies with Mrp2-
deficient rats failed to find the immediate effect of a single 
estrogen dose on the bile flow (Huang et  al., 2000) or Bsep-
mediated taurocholate uptake to canalicular membrane vesicles 
(Stieger et  al., 2000). This was ascribed to the absence of 
Mrp2-mediated biliary secretion of cholestatic metabolites of 
ethinylestradiol, such as ethinylestradiol-17-α/β-glucuronide, 
that consequently block Bsep from the luminal site (Huang 
et  al., 2000; Stieger et  al., 2000). However, our 5-day regimen 
of ethinylestradiol reliably induced cholestasis in the Mrp2-
deficient rats. We  detected an additional increase of plasma 
BA concentrations, confirming an increased sensitivity of 
Mrp2-defective organism to estrogen. Such sensitivity may 
result from increased exposure of organisms to ethinylestradiol 
due to altered ethinylestradiol-glucuronide excretion via Mrp2 
(Zamek-Gliszczynski et al., 2011). Increased plasma BAs were 
consistent with marked increase in Mrp4-mediated export of 
BAs back to plasma. In addition, Slco1a1 and Abcg2 have 
been suggested as important hepatocyte transporters for the 
uptake and secretion of BAs, respectively (Blazquez et  al., 
2012; Tanaka et  al., 2012; Zhang et  al., 2012; Jiang et  al., 
2020). Significant reduction of Slco1a1 and Abcg2 in 
ethinylestradiol administered Mrp2-deficient rats compared 
with vehicle-treated deficient group contrasts with absence 
(Slco1a1) or even induction (Abcg2) of these transporters in 
ethinylestradiol-treated WT group. However, unchanged biliary 
secretion of bile acids between Mrp2-deficient groups suggests 
that the contribution of Abcg2 to observed changes in BA 
metabolomics may not be significant. Taking together, reduction 
of Slco1a1 expression by ethinylestradiol in Mrp2-deficient 
rats may contribute to increased BA plasma concentrations 
in this group via decreased BAs uptake into hepatocytes. A 
compensatory reaction to increased plasma BAs likely involved 
a decreased expression of Cyp8b1, the rate-limiting enzyme 
for the synthesis of 12-OH BAs, followed by a generally 
reduced 12-OH/non-12-OH BA ratio in plasma, bile, and 
stool. Unlike Cyp7a1, the Cyp8b1 is mainly regulated by 

liver FXR (Chiang and Ferrell, 2020). Reduced expression of 
Cyp8b1 may therefore reflect the inhibitory effect of 
ethinylestradiol on FXR and its cofactor RXRa. In contrast, 
ethinylestradiol posttranscriptionally induced expression of 
Cyp2c22, a rat orthologue synthetizing primary muricholic 
acid (MCA), leading to increased TMCA in bile and stool, 
and contributing to increased primary/secondary BA ratio 
in the stool. Unlike in WT rats, ethinylestradiol consistently 
reduced Nrf2 activation in TR animals by unknown mechanisms.

CONCLUSION

Our findings showed marked modification of BA metabolomics 
and a significant increase in BA plasma concentrations in 
Mrp2-deficient rats. The mechanism responsible for this increase 
was likely related to the increased Mrp3 and Mrp4-mediated 
efflux of BAs from hepatocytes to plasma. Reduced BA biliary 
secretion and reabsorption revealed reduced enterohepatic 
recycling of BAs in Mrp2-deficient animals, except for increased 
disposition of secondary DCA. Possible alteration of intestinal 
microbiota in the Mrp2-deficient organism is therefore 
suggestive but requires further analysis. Accumulation of more 
lipophilic secondary BAs may threaten the organism with 
their increased toxicity. Ethinylestradiol administration to 
Mrp2-deficient TR rats further increased concentrations of 
BAs in plasma by upregulation of liver Mrp4 efflux pump, 
and reduced Slco1a1 uptake transporter. Taken together, our 
results present mechanisms that may explain the increased 
sensitivity of Mrp2-deficient organisms to estrogen-induced 
cholestasis. Bile acid monitoring is therefore highly desirable 
in pregnant women with conjugated hyperbilirubinemia for 
early detection of ICP.
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GLOSSARY

12-OH 12α-hydroxylated bile acid
Abcc2 ATP-binding cassette transporter sub-family C-member 2
Abcg2 ATP-binding cassette transporter sub-family G-member 2
ALT Alanine aminotransferase
ANOVA Analysis of variance
Asbt Ileal sodium/bile acid cotransporter
AST Aspartate aminotransferase
ATP Adenosine triphosphate
BA Bile acid
BADF Bile acid-dependent bile flow
BAIF Bile acid-independent bile flow
BE Biliary excretion
Bsep Bile salt export pump
CAR Constitutive androstane receptor
CDCA Chenodeoxycholic acid
Cyp27a1 Sterol 27-hydroxylase
Cyp2b1 Cytochrome P450 family 2, subfamily b, polypeptide 1
Cyp2c22 Cytochrome P450, family 2, subfamily c, polypeptide 22
Cyp7a1 Cholesterol 7α-hydroxylase
Cyp8b1 Sterol 12α-hydroxylase
CAD5 D5-cholic acid
DCA Deoxycholic acid
EE Ethinylestradiol
ERK Extracellular signal-regulated kinase
Fgf15 Fibroblast growth factor 15
FXR Farnesoid X receptor
Gapdh Glyceraldehyde 3-phosphate dehydrogenase
GCA Glycocholic acid
Gclc Glutamate-cysteine ligase catalytic subunit
Gpx2 Glutathione peroxidase 2
GSH Reduced glutathione
GSSG Oxidized glutathione
HPLC High-performance liquid chromatography
ICP Intrahepatic cholestasis of pregnancy
LCA Lithocholic acid
LC–MS Liquid chromatography–mass spectrometry
MCA Muricholic acid
Mrp2 Multidrug resistance-associated protein 2
Mrp3 Multidrug resistance-associated protein 3
Mrp4 Multidrug resistance-associated protein 4
Non-12-OH Non-12α-hydroxylated
Nqo1 NAD(P)H quinone dehydrogenase 1
Nrf2 Nuclear factor erythroid 2-related factor 2
Ntcp Na+-taurocholate cotransporting polypeptide
P65 NF-kB Nuclear factor NF-kappa-B p65 subunit
p-JNK Phosphorylated c-Jun N-terminal kinases
PXR Pregnane X receptor
qRT-PCR Quantitative reverse transcription-PCR
RXRα Retinoid X receptor alpha
SHP Small heterodimer partner
TCA Taurocholic acid
TCDCA Taurochenodeoxycholic acid
TDCA Taurodeoxycholic acid
TLCA Taurolithocholic acid
TMCA Tauromuricholic acid
TR rats Mrp2-deficient rats
UDCA Ursodeoxycholic acid
WT Wild-type
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Smooth Muscle Cell—Macrophage
Interactions Leading to Foam Cell
Formation in Atherosclerosis:
Location, Location, Location
Pinhao Xiang†, Valentin Blanchard† and Gordon A. Francis*

Department of Medicine, Centre for Heart Lung Innovation, Providence Research, St. Paul’s Hospital, University of British
Columbia, Vancouver, BC, Canada

Cholesterol-overloaded cells or “foam cells” in the artery wall are the biochemical hallmark
of atherosclerosis, and are responsible for much of the growth, inflammation and
susceptibility to rupture of atherosclerotic lesions. While it has previously been thought
that macrophages are the main contributor to the foam cell population, recent evidence
indicates arterial smooth muscle cells (SMCs) are the source of the majority of foam cells in
both human and murine atherosclerosis. This review outlines the timeline, site of
appearance and proximity of SMCs and macrophages with lipids in human and mouse
atherosclerosis, and likely interactions between SMCs and macrophages that promote
foam cell formation and removal by both cell types. An understanding of these SMC-
macrophage interactions in foam cell formation and regression is expected to provide new
therapeutic targets to reduce the burden of atherosclerosis for the prevention of coronary
heart disease, stroke and peripheral vascular disease.

Keywords: atherosclerosis, smooth muscle cells, macrophages, foam cells, human, mouse

INTRODUCTION

Smooth muscle cells (SMCs) and macrophages form the bulk of the cells in all stages of human and
mouse atherosclerosis. Studies since the early 1990’s have mostly used mice to study atherogenesis,
and have suggested that this process is primarily macrophage-driven, is a consequence of the
endothelial damage caused by the severe dyslipidemia required to induce atherosclerosis in these
animals, and that SMCs play a lesser role (Libby, 2021). In contrast, the initial stages of human
atherogenesis occur on a background of pre-atherosclerotic thickening of the arterial intima believed
to be caused by migration and proliferation of medial SMCs early in life in atherosclerosis-prone
arteries, prior to lipid deposition (Allahverdian et al., 2018). These SMCs promote the retention of
lipids by secreting negatively-charged proteoglycans that bind positively-charged apolipoprotein B
(apoB) on atherogenic lipoproteins, before the presence of many monocytes/macrophages in the
lesion. The interactions between monocytes/macrophages and SMCs are therefore dependent both
on the species being examined and the stage of atherosclerosis. In this review we outline what is
known regarding the timing of appearance and proximity of SMCs andmacrophages to each other in
different stages of human and mouse atherosclerosis, and how this allows interactions between these
cell types. Secondly, we review current knowledge about lipid uptake mechanisms and cellular factors
secreted by both SMCs and macrophages that may be involved in the formation of foam cells of each
cell type, as well as cholesterol removal from these cells. An understanding of these interactions is

Edited by:
Kai Yin,

Guilin Medical University, China

Reviewed by:
Julian Albarran Juarez,

Aarhus University, Denmark
José Ramón López-López,

University of Valladolid, Spain

*Correspondence:
Gordon A. Francis

gordon.francis@hli.ubc.ca

†These authors have contributed
equally to this work and share first

authorship.

Specialty section:
This article was submitted to

Lipid and Fatty Acid Research,
a section of the journal
Frontiers in Physiology

Received: 16 April 2022
Accepted: 30 May 2022
Published: 20 June 2022

Citation:
Xiang P, Blanchard V and Francis GA

(2022) Smooth Muscle
Cell—Macrophage Interactions

Leading to Foam Cell Formation in
Atherosclerosis: Location,

Location, Location.
Front. Physiol. 13:921597.

doi: 10.3389/fphys.2022.921597

Frontiers in Physiology | www.frontiersin.org June 2022 | Volume 13 | Article 9215971

REVIEW
published: 20 June 2022

doi: 10.3389/fphys.2022.921597

67

http://crossmark.crossref.org/dialog/?doi=10.3389/fphys.2022.921597&domain=pdf&date_stamp=2022-06-20
https://www.frontiersin.org/articles/10.3389/fphys.2022.921597/full
https://www.frontiersin.org/articles/10.3389/fphys.2022.921597/full
https://www.frontiersin.org/articles/10.3389/fphys.2022.921597/full
https://www.frontiersin.org/articles/10.3389/fphys.2022.921597/full
http://creativecommons.org/licenses/by/4.0/
mailto:gordon.francis@hli.ubc.ca
https://doi.org/10.3389/fphys.2022.921597
https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/journals/physiology#editorial-board
https://doi.org/10.3389/fphys.2022.921597


expected to identify potential new targets to reduce
atherosclerosis for the prevention and treatment of ischemic
vascular disease.

APPEARANCE AND ROLE OF SMOOTH
MUSCLE CELLS AND MACROPHAGES IN
EARLY HUMAN AND MOUSE
ATHEROSCLEROSIS

Mice are the most widely used animal model for the study of
atherosclerosis, due to their short developmental and life cycle,
ease of genetic modification, low-cost rearing, small size and high
reproductive rate. However, mice and humans exhibit significant
genetic and physiologic differences influencing major steps in the
process of atherogenesis.

Wild-type (WT) mice do not develop spontaneous
atherosclerosis owing in part to their low-fat diet, low plasma
cholesterol and overall atheroprotective lipoprotein metabolism
(Nakashima et al., 1994). In particular, mice do not express
cholesteryl ester transfer protein (CETP), a plasma protein
shuttling cholesteryl esters from high-density lipoproteins
(HDL) to apoB-containing lipoproteins including very-low-
(VLDL), intermediate- (IDL) and especially low-density
lipoproteins (LDL). Consequently, while in humans up to 2/3
of total cholesterol is transported in atherogenic apoB-containing
lipoproteins, mice carry most of their cholesterol in
atheroprotective HDL particles (Gordon et al., 2015). The
induction of atherosclerosis in mice thus requires a susceptible
mouse strain (C57BL/6) plus extreme pro-inflammatory and
hyperlipemic conditions characterized by an exaggerated
elevation of plasma cholesterol levels 6–10 times the levels
seen in WT mice (Reddick et al., 1994). These inflammatory
conditions mean that initiation of atherosclerosis is primarily
immune cell/macrophage-driven in mice. Another major
difference is the absence in mice of pre-atherosclerotic
thickening of the intima by SMCs and their secreted
proteoglycans (Diffuse Intimal Thickening, DIT), a critical
precursor required for future development of atherosclerosis in
human arteries.

These major differences between may lead to inaccurate
assumptions of what drives early as well as later stages of
atherosclerosis in humans when comparing results with mice.
Hereafter, we describe the appearance and pathological
mechanisms involving SMCs and macrophages and their
interactions from the pre-atherosclerotic stage to the advanced
plaque in these two species.

DISTRIBUTION OF SMCS AND
MACROPHAGES IN HUMAN
ATHEROSCLEROSIS
Atherosclerosis is a disease of medium and large size arteries that
progresses from the initial deposition and accumulation of lipids
derived from circulating apoB-containing lipoproteins in the

already formed DIT layer of SMCs and proteoglycans of
atherosclerosis-prone arteries. Nakashima and co-workers
described elegantly the chronological stages of pre-
atherosclerotic DIT, lipid infiltration and retention,
macrophage recruitment, and pathological intimal thickening
(PIT) as the last stage before progression to an advanced
lesion (Nakashima et al., 2007).

Initial Lipid Deposition in DIT
Certain mammalian species including humans and non-human
primates but not mice, rat or rabbits, exhibit DIT in all
atherosclerosis-prone arteries of their vascular system (Stout
et al., 1983). The critical role of DIT in atherosclerosis is
indicated by the observation that atherosclerotic lesions appear
only in arteries exhibiting DIT such as the coronary and carotid
arteries and aorta (Nakashima et al., 2002), whereas
atherosclerosis-resistant vessels such as the internal thoracic
artery lack DIT. DIT devoid of lipid deposition begins in
utero, is present in all humans by the age of 2 years (Ikari
et al., 1999), and is regarded as a physiological adaptation to
changes in artery flow and wall tension (Stary et al., 1994). At this
pre-atherosclerotic stage, rare resident patrolling macrophages
may be observed near the endothelium but not in deeper layers of
the intima (Stary et al., 1992).

SMCs particularly in the deeper intima secrete high levels of
the negatively charged proteoglycans biglycan and decorin
(Nakashima et al., 2007). According to the response-to-
retention hypothesis of atherosclerosis proposed by Williams
and Tabas, diffusion of circulating positively-charged apoB-
containing lipoproteins into the intima, which is based on non
LDL-receptor (LDLR)-dependent mechanisms (Jang et al., 2020),
and occurs particularly in the presence of elevated circulating
LDL cholesterol (LDL-C) such as in familial
hypercholesterolemia, over a lifetime results in their
infiltration into and retention in the subendothelial space
(Williams and Tabas, 1995). This lipid retention occurs
primarily in the deep intima based on the charge-charge
interaction between apoB and biglycan and decorin secreted in
high amounts by SMCs in this region, and prior to any significant
monocyte infiltration in human atherosclerosis (Napoli et al.,
1997) (Nakashima et al., 2007). These observations suggest
human atherosclerosis occurs primarily as a response to
retention of lipids, rather than as a response to injury as in mice.

Fatty Streak to Pathological Intimal
Thickening
Fatty streaks are visually recognizable by the deformation and
thickening of the intima towards the arterial lumen, though, in
this early stage of atherosclerosis, most of this lipid is deposited in
the deep intima surrounding SMCs, as well as being internalized
in SMC foam cells (Katsuda et al., 1992; Nakashima et al., 2007).
Whether a particular phenotype of SMCs in the deep intima are
primed to take up the retained lipoproteins concentrated in this
region, or are converted to foam cells purely on the basis of being
surrounded by these lipoproteins, requires further investigation.
Rare macrophages may also migrate from the superficial layer to
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the middle of the intima at this stage (Guyton and Klemp, 1994) and
contribute to the early foam cell formation. Some investigators
suggest transmigration of adventitial monocytes at least into the
arterial media (Maiellaro and Taylor, 2007). However, these
observations have been reported in animal models in the context
of restenosis after coronary angioplasty whose intervention
completely strips the intima and leads to ruptures in the internal
elastic lamina (Shi et al., 1996). To our knowledge, the sole study
reporting migration of adventitial cells towards the intima in a
context of native atherosclerosis is that of Eriksson, who showed
images of migrating cells on the adventitial/intimal border in
advanced lesions of apolipoprotein E (apoE) knockout (KO) mice
(Eriksson, 2011). In contrast, there is no report of accumulation of
adventitial macrophages in the intima of early human lesions.

In pathological intimal thickening (PIT), lipid-laden and non-
lipid-laden macrophages may infiltrate more abundantly down to
the middle of the intima (Otsuka et al., 2015; Nakagawa and
Nakashima, 2018). Interestingly, following the initial population
of the human pre-atherosclerotic intima with SMCs early in life,
the number of SMCs remains stable fromDIT to PIT, and there is
no clear evidence of cell death or cell proliferation during this
progression (Nakagawa and Nakashima, 2018). This also suggests
that the migration rate of SMCs from the media to the intima is
very low or non-existent in early lesions including in PIT
(Nakagawa and Nakashima, 2018).

Regarding the relative contribution of SMCs andmacrophages
to the foam cell population, early studies suggested, based on the

microscopic appearance of lesions and staining for SMCs and
macrophages, that SMCs contribute the majority of these cells in
fatty streaks and PIT (Stary, 1985, Stary, 1987; Katsuda et al.,
1992). Allahverdian et al. (2014) attempted to quantitate this
contribution specifically using immunohistochemistry. They
estimated that, conservatively, SMCs are the source of at least
50% of foam cells in intermediate to advanced lesions based on
costaining of smooth muscle actin (SMA) and Oil Red O
following fixation to identify intracellular lipid localization.
The contribution of SMCs to the total human foam cell
population is potentially much higher, given that many
intimal SMCs express low levels of or no SMA. In general,
staining for macrophages including macrophage foam cells
indicates the majority of these cells reside primarily in the
immediate subendothelial region throughout human
atherosclerosis but at later stages can migrate somewhat
deeper into the upper-mid intima region where they are in
immediate proximity with additional SMCs in the intima.
Accurate identification of macrophages requires use of
markers that are not known to be expressed by SMCs, such as
CD45 (Allahverdian et al., 2014; Wang et al., 2019; Robichaud
et al., 2022). Recent studies indicate that markers previously
thought to be macrophage-specific, such as CD68, are
expressed by a high percentage of intimal SMCs in both
human and mouse lesions (Allahverdian et al., 2014; Feil et al.,
2014), and should no longer be used to identify macrophages
specifically in lesions.

FIGURE 1 | Stages and relative localization and contribution of SMCs and macrophage and their foam cells to human and mouse atherosclerosis. Human
atherosclerosis is preceded by the formation of a thick intimal layer composed of SMCs and their secreted proteoglycans, known as diffuse intimal thickening.
Atherogenic lipoproteins diffuse into the intima over decades and are deposited primarily in the deep intima, resulting in initial SMC foam cell formation. In intermediate
lesions there is expansion of the SMC foam cell pool, and infiltration of circulating monocytes that differentiate to macrophages and take up lipids to become foam
cells. In the advanced lesion a large necrotic core forms along with a fibrous cap of SMCs. Direct SMC-macrophage interactions occur primarily in the upper intima where
most macrophages are located. Mouse atherosclerosis develops on a background of a healthy artery lacking diffuse intimal thickening. Severe dyslipidemia in mouse
models induces endothelial inflammation and influx of lipids andmonocytes that differentiate to macrophages and take up lipids to become foam cells. Cytokine-induced
SMCmigration occurs followed by proliferation and dedifferentiation of SMCs and uptake of lipids to become foam cells. In later early and more advanced mouse lesions
SMCs make up the majority of foam cells. Direct as well as indirect macrophage-SMC interactions occur throughout the full thickness of the mouse lesion. The early
mouse lesion shows different stages of development with the arrow indicating progression. In both humans and mice macrophage foam cells store cholesteryl ester
droplets in the cytoplasm whereas in SMC foam cells the cholesteryl ester droplets appear mainly in lysosomes. Part of the figure was generated using Servier Medical
Art, licensed under a Creative Commons Attribution 3.0 unported license.
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The stages of development and relative contribution of SMCs
and macrophages to the foam cell population in humans are
indicated in the Figure 1.

THE EARLY AND DIRECT INTERACTION
BETWEEN SMCS AND MACROPHAGES IN
MOUSE LESIONS
The Predominant Role of Macrophages in
Early Atherosclerosis in Mice
The genetic manipulation of mice to generate atherosclerosis
requires severe dyslipidemia, as achieved in models including
apoE- and LDLR-KO mice on a C57BL/6 background who are
also fed a high fat and cholesterol diet. The severe circulating
dyslipidemia thus created itself represents a highly inflammatory
environment for the vascular endothelium, in which immune
cells such as monocytes/macrophages are rapidly recruited and
have the predominant role in initiating atherogenesis (Swirski
et al., 2006, Swirski et al., 2007). The absolute requirement for
monocytes/macrophages to stimulate atherosclerosis in mice has
been demonstrated by numerous investigators. Smith and co-
workers generated apoE KO mice with homozygous or
heterozygous mutation in the gene encoding macrophage
colony-stimulating factor (MCSF) and fed them an ad libitum
chow diet for 16 weeks. Double mutant (MCSF and apoE KO)
mice showed an allele-dependent 85% decrease in atherosclerotic
lesion areas compared to apoE KO mice expressing MCSF
normally, despite a 3-fold increase in total cholesterol level
(Smith et al., 1995). Similar findings were obtained on LDLR
KOmice homozygous forMCSFmutation and fed an atherogenic
diet, with complete absence of atherosclerotic lesions in the aortic
arch after 16 weeks (Rajavashisth et al., 1998). Further strong
evidence for the role of the immune system in atherogenesis in
apoE KO mice comes from an elegant study from the group of
Mallat. They combined inhibition of chemokine receptor type 2
(CCR2), C-X3-Cmotif chemokine receptor 1 (CX3CR1) and C-C
motif chemokine receptor 5 (CCR5), three receptors involved in
monocytosis of three specific subsets of monocytes, and
compared the number of circulating monocytes and the size of
lesions with WT mice. They reported a markedly reduced
concentration of circulating monocytes accompanied with an
almost complete abolition (>90% reduction) of atherosclerosis,
despite elevated total cholesterol levels compared to WT mice
(Combadière et al., 2008). These studies strongly attest to the
predominant and excessive role of immune cells in particular of
the myeloid lineage to induce atherosclerosis in mice, and
contrast strongly with human atherosclerosis that is mainly
induced by the initial SMC-driven retention of lipids in the
intima.

Early Macrophage Infiltration and
Progressive Medial SMC Influx in Mouse
Intima
As indicated above, SMCs, and DIT are not present in the intima
of mouse aorta or other arteries, with SMCs only appearing

following induction of atherogenesis. Although SMCs are
strongly implicated in lipoprotein retention via proteoglycan
secretion in humans, their absence in mouse intima is not
accompanied by the absence of extracellular matrix proteins
nor lipid retention. Indeed, in 3 week-old-only apoE KO mice
fed a chow diet, Tamminen et al. (1999) reported the presence of
individual lipid particles in a reticular network of branching
filaments, thought to be proteoglycans, and containing
numerous collagen fibrils. Subsequently, the first monocytes
were observed in close association with endothelial cells in 5-
week-old mice. At 9 weeks of age, the intima contained larger
aggregated particles as well as more abundant subendothelial
monocytes. This suggests that monocyte recruitment occurs
secondarily to lipid retention but prior to SMC migration
from the media. In a similar study, sporadic foam cells were
observed in the aortic sinus of 11 week-old apoE KO mice fed a
chow diet, and multilayered foam cell deposits as well as SMCs
were observed in mice of 5–7 months of age (Reddick et al., 1994).
Some resident and quiescent macrophages are also present in the
lesion-free mouse lesions. However, their limited proliferative
capacity and modest contribution in foam cells formation suggest
a minor role in atherogenesis (Paulson et al., 2010;Williams et al.,
2020; Hernandez et al., 2022). Nakashima also nicely described
the development of atherosclerosis in mice with apoE deficiency
and fed a Western diet (Nakashima et al., 1994). In their study,
monocytes adherent to the endothelial surface and sporadic foam
cells in the subendothelial space were observed in 6-week-old
mice fed a Western Diet for 1 week. Visible fatty streaks lesions
characterized by yellowish-white nodules appeared after 3 and
5 weeks of Western and chow diet, respectively. In mice fed a
Western diet for 5–10 weeks, spindle-shaped cells thought to be
SMCs were intertwined with foam cells or tended to form a cap
around the lesion. By 10 weeks of Western diet (15 weeks of age),
some lesions contained fibrous connective tissue with both
necrotic cores and foam cells covered by a fibrous cap
composed of SMCs.

Our lab has characterized foam cells in the aortic arch of non-
lineage tracing and SMC-lineage tracing apoE KO mice using
leukocyte-specific markers, neutral lipid staining and flow
cytometry. In mice fed a Western diet for just 6 weeks, 70% of
total foam cells were SMC- derived (Wang et al., 2019). This was
very striking given the absence of SMCs in mouse intima at the
onset of atherogenesis. This rapid progression is thought to be
due to induction of SMC migration from the mouse arterial
medial layer by cytokines secreted by inflamed endothelial cells
and macrophages, followed by rapid proliferation and uptake of
lipids by SMCs within the intima (Wang et al., 2019). Such a large
contribution of SMCs to the foam cell content in mice had not
previously been recognized, due to the loss of SMC markers by
dedifferentiated SMCs, apparently more so in mice than in
humans, and expression of macrophage markers by those
same intimal SMCs (Feil et al., 2014; Shankman et al., 2015).
Interestingly, in mice fed a lower fat chow diet, SMC-derived
foam cells contributed 37% and 75% of the total foam cells at ages
27 and 57 weeks respectively, which emphasizes the gradually
increasing role of SMCs in foam cell formation in mice (Wang
et al., 2019). This is thought to be due to defects in cholesterol
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efflux from SMC compared to macrophage foam cells, as
discussed below. A similar finding of the majority of foam
cells being derived from SMCs was recently reported by the
Ouimet group in mice injected with an adeno-associated viral
(AAV) vector encoding gain-of-function PCSK9 (proprotein
convertase subtilisin/kexin type 9) and fed a Western diet to
induce hypercholesterolemia. The percentage of non-leukocyte
foam cells increased from 60% to 76% between 6 and 25 weeks of
Western diet, respectively (Robichaud et al., 2022). In the Wang
et al. (2020) study, at 12 weeks ofWestern diet, bothmacrophages
and SMCs appeared intermingled throughout the whole
thickened intima. These studies clearly indicate that
macrophage infiltration is followed rapidly by the influx of
SMCs from the surrounding media in mice. As macrophages
are present in the entire intima following lipid infiltration,
migrating SMCs from the media are in direct contact with
macrophages as soon as they arrive in the intima. As such,
there are marked differences in the localization of SMCs and
macrophages in human when compared to mouse lesions, with
human lesions maintaining relatively sequestered locations of
these two cell types until more advanced lesion stages, whereas in
mice macrophages and SMCs are intermingled from very early
stages after SMCs soon begin to migrate into the intima.

The stages of development and the relative contribution of
macrophages and SMCs to the foam cell population in mice are
indicated in the Figure 1.

Smooth Muscle Cell—Macrophage
Interactions Leading to Foam Cell
Formation in Atherosclerosis
While arterial SMCs in humans and mice can express
macrophage markers as they dedifferentiate from contractile to
synthetic, intimal-type SMCs (Rong et al., 2003; Allahverdian
et al., 2014; Feil et al., 2014; Shankman et al., 2015), they never
achieve full macrophage function, exhibiting at most 25% of the

ability of macrophages to perform phagocytosis and efferocytosis
when dedifferentiated (Vengrenyuk et al., 2015). SMCs do,
however, like macrophages, express a host of scavenger
receptors that can, upon exposure over years to retained
lipoproteins in the human intima, or even weeks in the mouse
intima, take up these lipoproteins to become foam cells. In the
following section, we outline the key mechanisms known to allow
macrophages and SMCs to become foam cells, and interactions
between these cells that promote foam cell formation by the
reciprocal cell type. A Summary of the mediators of lipoprotein
uptake promoting foam cell formation by macrophages and
SMCs is presented in Table 1.

MEDIATORS AND REGULATION OF
MACROPHAGE FOAM CELL FORMATION

While circulating levels of LDL-C are tightly associated with
atherogenesis and ischemic vascular disease (Yusuf et al., 2004),
native LDL is a poor inducer of SMC and macrophage foam cell
formation because its main receptor, the LDLR, is downregulated
in response to cholesterol loading of cells (Goldstein and Brown,
1977; Goldstein et al., 1977; Brown and Goldstein, 1983). Excess
cholesterol derived from LDL inhibits the proteolytic cleavage of
sterol regulatory element-binding protein (SREBP) in the
endoplasmic reticulum and therefore inhibits migration of the
SREBP fragment to the nucleus, which reduces the transcription
of the LDLR gene (Brown and Goldstein, 1999; Goldstein and
Brown, 2009). The key ligands thought to be responsible for foam
cell formation in vivo are aggregated and oxidized forms of LDL
and other apoB-containing lipoproteins (Steinbrecher and
Lougheed, 1992). Previous research has indicated the
predominant receptors that drive unregulated uptake of these
modified apoB-containing lipoproteins are scavenger receptors
(SRs) (Brown et al., 1979). SRs are thought to be beneficial in their
ability to clear modified lipoprotein accumulation in the artery

TABLE 1 | Summary of major lipoprotein uptake mediators driving foam cell formation in macrophages and SMCs.

Cell type Mediators Lipoprotein ligands SR activators

Macrophages SRA AcLDL and oxLDL (Kunjathoor et al., 2002b) MAPK signaling, hyperglycemia (Ben et al., 2009; Zhu et al., 2011)
CD36 OxLDL (Boullier et al., 2000; Podrez et al., 2002;

Nicholson, (2004)
PPARγ, IL-4, Hyperglycemia (Tontonoz et al., 1998; Feng et al., 2000;
Nicholson, 2004)

LOX1 OxLDL (Pirillo et al., 2013) OxLDL, inflammatory cytokines (Kattoor et al., 2019)
LRP1 AgLDL (Llorente-Cortés et al., 2007) SREBP inhibition
Macropinocytosis/
exophagy

Native or modified LDL (Jones et al., 2000; Kruth et al.,
2005)

TLR4 (Kruth et al., 2005; Kruth, 2013)

Proteoglycan LDL (Ng et al., 2021) Inflammatory stimuli or hypoxia stress (Uhlin-Hansen et al., 1993;
Asplund et al., 2011)

SMCs SRA AcLDL and oxLDL (Mietus-Snyder et al., 2000) OxLDL, growth factors from macrophages and platelets, IFNγ, MAPK
signaling (Gong and Pitas, 1995; Li et al., 1995)

CD36 OxLDL (Zingg et al., 2002) PPARγ, VEGF, MAPK signaling, hyperglycemia, oxLDL (Matsumoto
et al., 2000; Zingg et al., 2000; Xue et al., 2010; Schlich et al., 2015)

LOX1 OxLDL (Aoyama et al., 2000) OxLDL, inflammatory cytokines (Aoyama et al., 2000; Hofnagel et al.,
2004)

LRP1 AgLDL (Llorente-Cortés et al., 2000; Llorente-Cortés
et al., 2002; Llorente-Cortés et al., 2006)

P2Y2 receptor (Dissmore et al., 2016)

Proteoglycan LDL (Nakashima et al., 2007; Neufeld et al., 2014) oxLDL, TGFβ, PDGF, SMC dedifferentiation (Camejo et al., 1993;
Chang et al., 2000; Doran et al., 2008; Bennett et al., 2016)
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wall, but the unregulated uptake of these lipoproteins by SRs leads
to overaccumulation of lipoprotein-derived cholesteryl esters, the
biochemical hallmark of foam cells. In macrophages, this results
in cholesteryl ester droplet accumulation in the cytoplasm with
the droplets imparting a “foamy” appearance; excess macrophage
foam cells promote inflammation and instability of the plaque. As
noted below, SMC foam cells appear to store their excess
cholesteryl esters in lysosomes rather than in the cytoplasm,
due to relative deficiency of lysosomal acid lipase (LAL)
(Dubland et al., 2021) (Figure 1).

Scavenger Receptor-Dependent
Macrophage Foam Cell Development
There are 12 classes of scavenger receptors identified on
membrane surfaces, which are class A-L grouped based on
their structural characteristics (PrabhuDas et al., 2017).
Among the 12 classes, the class A scavenger receptors A I/II
and the class B receptor CD36 are the most studied and believed
to be the major receptors taking up modified lipoproteins
(Kunjathoor et al., 2002b). Scavenger receptors A I/II (SRA)
share a homotrimeric structure composed of a collagen-like
domain and a c-type lectin domain. Despite having some
structural differences, the two receptors’ functions and
regulations are similar (Moore and Freeman, 2006). It was
reported that in mouse macrophages SRA was responsible for
70% of uptake of the acetylated LDL (acLDL) and 40% of the
uptake of oxidized LDL (oxLDL) based on intracellular LDL
degradation (Kunjathoor et al., 2002b). A significant reduction
(60%–80%) in atherosclerotic lesion area was observed in mouse
models with SRA deficiency, confirming this in vitro observation
(Babaev et al., 2000; Nicholson, 2004). The atherogenic role of
SRA was enhanced in hyperglycemic conditions, which
upregulates SRA expression (Fukuhara-Takaki et al., 2005).
Using mouse RAW264.7 macrophages, it was shown that
SRA-mediated endocytosis activated extracellular signal-
regulated kinase (ERK) signaling and c-Jun N-terminal kinase
(JNK) signaling (Zhu et al., 2011), which are part of the mitogen-
activated protein kinase (MAPK) pathway (Ben et al., 2009; Zhu
et al., 2011). At the same time, activation of the JNK and ERK
signaling pathways cooperatively enhanced SRA transcription
factors binding to the promoter, driving a positive feedback loop
to enhance SRA receptor gene expression on the cell surface
(Moulton et al., 1994). Further studies confirmed that inhibition
of protein kinase C (PKC), a kinase in the ERK signaling pathway,
and c-Jun, the final transcription factor of JNK signaling,
downregulated SRA expression and reduced lipoprotein uptake
(Akeson et al., 1991; Moulton et al., 1992).

CD36 belongs to the class B scavenger receptor family, which
traverse the plasmamembrane twice to form a loop with a heavily
glycosylated extracellular portion and an intracellular tail to
transmit the signal (Moore and Freeman, 2006). Similar to
SRA, CD36 also promotes modified lipoprotein uptake and
shows a high affinity to oxidized lipoproteins in vitro and in
mice (Boullier et al., 2000; Podrez et al., 2002; Nicholson, 2004).
CD36 regulation is mediated by peroxisome proliferator-
activated receptor (PPARγ), which is upregulated in response

to exposure to oxLDL (Tontonoz et al., 1998; Feng et al., 2000;
Nicholson, 2004). Similar to SRA, hyperglycemia increases CD36
mRNA abundance and translational efficiency, leading to more
scavenger receptors expressed on the membrane (Griffin et al.,
2001). Though CD36 and SRA receptors play significant roles in
taking up modified lipoproteins, previous research showed
macrophages can still become foam cells without CD36 and
SRA, indicating there are numerous mediators of foam cell
development (Sakr et al., 2001; Kunjathoor et al., 2002b;
Manning-Tobin et al., 2009). For example, it was observed
that lectin-like oxidized low-density lipoprotein receptor-1
(LOX1) contributed to oxLDL uptake in macrophages, which
was upregulated with increased oxidative stress or in the presence
of proinflammatory cytokines (Pirillo et al., 2013; Kattoor et al.,
2019). Another example is LDLR-related protein-1 (LRP1),
knockdown of which reduced cholesteryl ester accumulation
from aggregated LDL (agLDL) in macrophages by 95%.
Interestingly, the receptor was subjected to negative regulation
by sterol regulatory element-binding protein 1 (SREBP1)
(Llorente- Cortés et al., 2007). Thus, in hypercholesterolemic
conditions, the expression of LRP1 likely remains high as SREBP1
is not delivered to the nucleus, confirming the observation that
the receptor can play a significant role in agLDL uptake and foam
cell formation. Scavenger receptor B1 (SRB1) usually functions as
a SR driving cholesterol efflux (Moore and Freeman, 2006; Hu
et al., 2013), but research by Marsche et al. showed that SRBI also
mediates the uptake of hypochlorite modified-LDL and HDL,
which promoted lipid accumulation while reducing cholesterol
efflux, leading to foam cell development (Marsche et al., 2002;
Marsche et al., 2003). Other receptors that can take up modified
lipoproteins include scavenger receptor expressed by endothelial
cells-I (SREC-I) (Shimaoka et al., 2000), C-X-C motif chemokine
ligand 16 (CXCL16) (Barlic et al., 2006; Sheikine and Sirsjö,
2008), CD68 (Ramprasad et al., 1996), and CD146 (Luo et al.,
2017), which are less well characterized compared to the ones
described (Moore and Freeman, 2006; Kzhyshkowska et al., 2012;
Checkouri et al., 2021).

Scavenger Receptor-Independent
Macrophage Foam Cell Formation
Further research has described mechanisms of macrophage foam
cell development independent of lipoprotein receptors. Human-
monocyte derived macrophages can take up LDL via fluid-phase
pinocytosis, which is a receptor-independent uptake mechanism
whereby LDL is taken up via large vacuoles through
micropinocytosis, or via small vesicles through
micropinocytosis. Though both pathways are equally
important in LDL uptake, we have very limited knowledge of
the role of micropinocytosis in cholesterol uptake and therefore
will focus on macropinocytosis (Kruth, 2013). Macropinocytosis
was shown to drive foam cell formation with native LDL or
modified LDL (Jones et al., 2000; Kruth et al., 2002, Kruth et al.,
2005). It was observed that human monocyte-derived
macrophages take up lipoproteins along with fluid in a sealed
macropinosome (Kruth et al., 2002, Kruth et al., 2005; Barthwal
et al., 2013; Doodnauth et al., 2019). This uptake increased with
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increased extracellular lipoprotein concentrations and was
subjected to regulation by actin, microtubules, vacuolar-type H
+ ATPase (V-ATPase), phosphoinositide 3- kinase (PI3K), and
spleen tyrosine kinase (SYR) in a toll-like receptor 4 (TLR4)
dependent manner (Kruth et al., 2005; Kruth, 2013).
Interestingly, a similar mechanism was observed to upregulate
exophagy, or extracellular degradation of large elements such as
agLDL. Using the mouse macrophages, it was observed that
agLDL triggered activation of PI3K and SYR-dependent TLR4
signaling in the macrophage. TLR4 signaling triggered actin
polymerization and lysosomal exocytosis to form an acidic
lysosomal synapse in the extracellular environment, where
lysosomal acid lipase (LAL) degraded the aggregate
extracellularly into free cholesterol (Haka et al., 2009; Singh
et al., 2016, Singh et al., 2020). Free cholesterol can then be
taken up by macrophages to drive foam cell formation. More
research is necessary to identify if macropinocytosis is linked to
exophagy or if these are two independent pathways subjected to
similar regulation.

Proteoglycans are complex macromolecules consisting of the
core protein to which linear negatively charged
glycosaminoglycan (GAG) molecules are covalently linked
(Wight, 2018; Allahverdian et al., 2021). It was observed that
the proteoglycan content increases dramatically during early
atherosclerosis, which was predominantly composed of
versican, biglycan, and decorin in humans (Nakashima et al.,
2007, Nakashima et al., 2008; Wight, 2018) and biglycan and
perlecan in mice (Kunjathoor et al., 2002a). As noted above,
proteoglycans retain apoB- carrying lipoproteins in the
subendothelial space through ionic interactions, specifically
through the positively charged arginine and lysine residues on
apoB and negatively charged sulfates on proteoglycans (Borén
et al., 2000; Nakashima et al., 2007; Wight, 2018; Allahverdian
et al., 2021). Within the intimal space, retained lipoproteins can
undergo enzymatic or chemical modifications, which increases
the atherogenicity and subendothelial retention of the
lipoproteins (Aviram, 1993; Tabas, 1999). Simultaneously, the
presence of proteoglycans can cause irreversible structural
disruption of lipoproteins (Camejo et al., 1998). In vitro
structural analysis and oxidation experiments showed that
lipoproteins exposed to chondroitin sulfate had increased
exposure of arginine and lysine residues and had greater
chance to undergo oxidation, thereby increasing the binding
affinity to scavenger receptors on SMCs and macrophages
(Hurt-Camejo et al., 1992; Vijayagopal et al., 1993; Ismail
et al., 1994; Krettek et al., 1997).

Though SMCs are the major source of proteoglycan secretion
in the intima, macrophages can also secrete proteoglycans that
contribute to lipoprotein retention (Kolset and Gallagher, 1990;
Wight, 2018; Ng et al., 2021). For example, macrophages
synthesize chondroitin sulfate proteoglycans, which connect
atherogenic LDL and SRA in proximity, promoting more
lipoprotein uptake and foam cell development (Christner,
1988; Santiago-García et al., 2003). Analysis of macrophage
conditioned medium showed that macrophage colony-
stimulating factor (MCSF) could complex with proteoglycans
when secreted by macrophages, which promoted monocyte

differentiation and lipoprotein retention at the same time,
contributing to foam cell development (Chang et al., 1998).
Recently, Ng and colleagues also identified that perlecan was
the major proteoglycan secreted by humanmacrophages involved
in LDL retention, though perlecan was also suggested to be low in
human lesions (Tran et al., 2007; Ng et al., 2021). It was observed
that proteoglycan synthesis by macrophages was upregulated
when macrophages received inflammatory stimuli or were
under hypoxia stress. (Uhlin-Hansen et al., 1993; Asplund
et al., 2011).

Influence of Macrophage Polarization on
Foam Cell Development
Macrophage phenotype is highly plastic, including levels of SR
expression (Yang et al., 2020). For example, interferon-gamma
(IFNγ) is a potent cytokine inducing a proinflammatory response
in human monocyte-derived macrophages. Proinflammatory
macrophages (M1) were shown to have lower CD36 and SRA
expression and therefore had reduced uptake of modified
lipoproteins (Geng and Hansson, 1992; Zingg et al., 2000; Chu
et al., 2013; Murray et al., 2014). In contrast, alternatively
activated macrophages (M2), which were polarized by
interleukin-4 (IL-4) in vitro (Murray et al., 2014), had greater
CD36 expression and uptake of modified lipoproteins (Yesner
et al., 1996; Chu et al., 2013; Murray et al., 2014). Alternatively
activated macrophages also had higher macropinocytosis activity
in vitro, promoting lipoprotein phagocytosis within the cells
(Redka et al., 2018). Different macrophage phenotypes may
also secrete different proteoglycans, modulating extracellular
lipoprotein retention (Ng et al., 2021). It should be noted that
the polarization impact described here focuses on human
monocyte-derived macrophages, and the effect may vary
depending on the macrophage origin and type (Geng and
Hansson, 1992; Fitzgerald et al., 2000).

MEDIATORS AND REGULATION OF SMC
FOAM CELL FORMATION

In recent years, since the introduction of mouse models of
atherosclerosis, foam cells have been thought to mostly be
derived from macrophages, and to have major importance
especially in areas where plaques are prone to rupture, such as
the fibrous cap or shoulder regions (Ross, 1995; Libby et al., 2011;
Bennett et al., 2016; Chistiakov et al., 2017). While macrophage
foam cells are undoubtedly important for plaque instability and
rupture, recent studies now suggest a major role of SMCs as a
source of foam cells in human and mouse atherosclerosis, and as
likely predictors of the development and regression of
atherosclerotic lesions. Immunostaining of early atherosclerotic
lesions showed a large number of SMC foam cells in the deep
intima in early atherosclerosis and suggested SMCs are an
important source for foam cells (Katsuda et al., 1992;
Nakashima et al., 2007). Recent studies using early and
advanced coronary artery lesions from mice and humans have
indeed confirmed that the majority of foam cells in both early and
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advanced lesions are SMC-derived (Allahverdian et al., 2012;
Wang et al., 2019).

Scavenger Receptor-Dependent SMC
Foam Cell Development
Intima SMCs have higher scavenger receptor activity than
medial SMCs, likely due to their innate phenotype and
possibly due to exposure to diverse growth factors secreted
by macrophages and platelets (Gong and Pitas, 1995). Growth
factors can upregulate SRA synergistically up to 7-fold in vitro
(Gong and Pitas, 1995; Li et al., 1995). Using an in vitro SMC
model, studies from the Pitas group showed that the presence of
oxLDL can activate tyrosine-protein kinase, triggering MAPK
signaling cascade and upregulating the c-Jun transcription
factor. C-Jun then increased SRA and cyclooxygenase-2
expressions, contributing to acLDL uptake and foam cell
formation (Mietus-Snyder et al., 1997, Mietus-Snyder et al.,
2000). However, the importance of SRA in SMC foam cells is
questionable, as SRA was reported to be dispensable in driving
SMC foam cell development (Luechtenborg et al., 2008) and was
primarily associated with macrophages in atherosclerotic
lesions (Pryma et al., 2019). Interestingly, the regulation of
SRA in SMCs appears to be opposite compared to in
macrophages. For example, though IFNγ is a negative
regulator for macrophage SRA, it can increase SRA mRNA
expression and its acLDL degradation activity in cultured SMCs
(Li et al., 1995).

CD36 is another scavenger receptor expressed in human
SMCs, reported to be responsible for 80% of oxLDL uptake
and the uptake of free fatty acids (Zingg et al., 2002; Ma et al.,
2011). CD36 is primarily upregulated by its ligand oxLDL, which
activates PPARγ to upregulate CD36 transcription (Matsumoto
et al., 2000; Zingg et al., 2000). Tyrosine kinase inhibition
downregulates CD36 in vitro and reduces oxLDL uptake in
SMCs (Lin et al., 2015), suggesting that the MAPK signaling
pathway is also involved in CD36 positive regulation.
Endothelial-1, which is an endogenous factor stimulating SMC
proliferation, was shown to reduce CD36 expression in a tyrosine
kinase-dependent manner (Kwok et al., 2007). In contrast, the
growth factor VEGF that promotes SMC proliferation can
increase CD36 expression, suggesting different growth factors
might regulate CD36 differently (Schlich et al., 2015).
Interestingly, it was observed that CD36 expression on SMCs
is upregulated in diabetic patients, triggered by hyperglycemia
condition and oxLDL exposure, leading to increased cholesterol
influx and SMC foam cell development (Xue et al., 2010; Navas-
Madroñal et al., 2020).

Besides the classical SRs, SMCs also express LOX1 and LRP1
when exposed to modified lipoproteins (Pryma et al., 2019;
Checkouri et al., 2021). Llorente-Cortés and colleagues showed
that LRP1 was responsible for 80% uptake of the agLDL and 65%
of versican-modified LDL in vitro (Llorente-Cortés et al., 2000;
Llorente-Cortés et al., 2002; Llorente-Cortés et al., 2006).
Additional research suggested that LRP1 was subjected to
P2Y2 receptor regulation in SMCs, a receptor triggering
rearrangement of the actin cytoskeleton and cell motility

(Dissmore et al., 2016). Similar to macrophages, LOX1 is also
present in SMCs and is upregulated in the presence of oxLDL
(Aoyama et al., 2000) and inflammatory cytokines (Hofnagel
et al., 2004). C-X-C-motif chemokine ligand 16 (CXCL16)
(Wågsäter et al., 2004) and receptor for the advanced
glycation end products (RAGE) (Bao et al., 2020) were
identified to act as scavenger receptors to promote SMC
foam cell formation, but further investigation is required
to determine the precise role and regulation of the receptors
in atherosclerosis. Intriguingly, it was shown in vitro that
SMCs can ingest lipoproteins modified by trypsin and
cholesteryl ester hydrolase via calcium-dependent
macropinocytosis, but the detailed mechanism and the
clinical relevance of macropinocytosis remains to be
explored (Chellan et al., 2016).

Scavenger Receptor-Independent SMC
Foam Cell Development
As the predominant cell source of proteoglycans in the vascular
wall (Wight, 1985; Nigro et al., 2005), SMCs are responsible for
the increase in proteoglycan content in early atherosclerosis
(Wight, 2018). Among the proteoglycans secreted, biglycan
and decorin were shown to have the highest binding affinity
towards LDL and were enriched in atherosclerotic lesions in the
deep intima, suggesting both proteoglycans were major players in
LDL retention in this location (Riessen et al., 1994; O’Brien et al.,
1998; Nakashima et al., 2007; Neufeld et al., 2014). Perlecan was
shown to be important in mice in promoting lipoprotein
retention and increasing vascular permeability but is reduced
in human atherosclerotic lesions, likely due to species difference
(Tran-Lundmark et al., 2008; Allahverdian et al., 2021). The
synthesis of proteoglycans is also governed by lipoproteins
that SMCs are exposed to. Using monkey SMCs as an in vitro
model, oxLDL was shown to induce elongation of
glycosaminoglycan chains of biglycan, decorin, and versican,
which was not observed with native LDL and could induce
30%–50% more total proteoglycan synthesis compared to
native LDL (Camejo et al., 1993; Chang et al., 2000; Doran
et al., 2008). In addition, the presence of growth factors that
promote SMC proliferation, such as PDGF and TGFβ, promoted
the synthesis of versican and biglycan in SMCs in an NF-
kb—dependent manner (Schönherr et al., 1993; Chang et al.,
2000; Basatemur et al., 2019), contributing to the lipoprotein
retention.

Intima SMCs may transit into a synthetic state with a gain of
macrophage markers such as CD68 in culture and in
atherosclerotic lesions (Bennett et al., 2016; Basatemur
et al., 2019). Synthetic SMCs have increased proteoglycan
synthesis (Bennett et al., 2016) and phagocytosis activity
(Sandison et al., 2016), contributing to excess cholesterol
retention and uptake. Interestingly, it was observed that
cholesterol uptake (Rong et al., 2003) and proteoglycans in
the subendothelial space (Roy et al., 2002; Allahverdian et al.,
2021) could be positive feedback regulators that contributed to
SMC dedifferentiation in vitro, initiating a vicious cycle in
driving more lipid uptake in SMCs.
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SMC-MACROPHAGE INTERACTIONS IN
FOAM CELL DEVELOPMENT

Immunohistochemistry studies on human and mouse
atherosclerotic lesions have indicated macrophages and SMCs
are in proximity in early and intermediate stages of
atherosclerosis, depending on the species, suggesting that
interactions between macrophages and SMCs are important in
atherogenesis (Nakashima et al., 2007; Wang et al., 2019).
Numerous in vitro studies have found that interactions between
macrophages and SMCs can promote SMC proliferation (Zhang
et al., 1993; Chen et al., 2014), proteoglycan/matrix
metalloproteinase synthesis (Edwards et al., 1990; Zhu et al.,
2000), migration (Niu et al., 2016), and dedifferentiation into
the synthetic state (Beck-Joseph and Lehoux, 2021). In reverse,
SMCs can also contribute to monocyte adhesion, recruitment, and
survival (Doran et al., 2008; Beck-Joseph and Lehoux, 2021). SMC-
macrophage interactions can also heighten inflammation in both
cell types and can transform SMCs into a macrophage-like
phenotype (Butoi et al., 2014). For this review, we will
specifically focus on the interactions between SMCs and
macrophages leading to foam cell development in
atherosclerosis. A summary of the potential SMC-macrophage
interactions in foam cell development is presented in Table 2.

Cell-Cell Interactions Between SMCs and
Macrophages
In vitro models showed that the direct contact between
macrophages and SMCs could promote increased foam cell
development in SMCs but the mechanism causing the increase in
lipoprotein uptake was not clear.Vijayagopal and Glancy, (1996)
reported that the presence of macrophages could increase SMC
phagocytic activity and therefore lipoprotein uptake. However, Hu
et al. and Weinert et al. (2013) suggested that macrophages can
deliver cytosolic and lysosomal cholesterol into SMCs when in close
proximity, possibly through cell-cell membrane interactions (He
et al., 2020). Though we did not find an in vitro study assessing the
role of direct cell contact in macrophage foam cell development, it

was observed in vitro that direct or indirect coculture of human
SMCs with monocytes could lead to an increase in CD36 scavenger
receptor expression and oxLDL uptake by monocytes. It was shown
that monocyte chemoattractant protein-1 (MCP-1) secreted by
SMCs was responsible for contact-independent CD36
upregulation in monocytes, while vascular adhesion molecule-1
(VCAM-1) on SMCs was responsible for contact-dependent
CD36 upregulation in monocytes (Cai et al., 2004).

Indirect Interactions Between SMCs and
Macrophages
Previous studies also assessed the indirect interactions between
macrophages and SMCs in foam cell development. By measuring
the LDL degradation rate, Aviram’s early study showed that
conditioned media from macrophages doubled the LDL
degradation rate within SMCs while SMC’s conditioned media
enhanced macrophage LDL degradation by 15%, suggesting that
the conditioned media of macrophages and SMCs both promote
foam cell development in the other cell type (Aviram, 1989).
Similarly, Stein et al. (1994) and Nishide et al. (1992) showed
that conditioned media from macrophages triggered a ten-fold
increase in cholesterol uptake by SMCs compared to control
SMCs. Component analysis by Stein et al. (1994) identified that
lipoprotein lipase, apoE, and proteoglycans likely played key roles in
lipoprotein adhesion to the SMC surface and therefore in promoting
lipoprotein uptake. Using a conditioned media approach, previous
research observed that macrophages could release cholesterol-rich
particles that can be taken up by SMCs through phagocytosis and
promote SMC foam cell formation (Wolfbauer et al., 1986; He et al.,
2018; Hu et al., 2019). Similarly, Mietus-Synder et al. (2000) showed
that incubation of SMCs with THP-1 macrophage-conditioned
media also showed a 25–30-fold increase in the uptake of Dil-
labeled acLDL by SMCs, which was not observed if there was no
serum or with lipid poor serum in the conditioned media. Using a
collagen gel systemmodel, a recent study done byWang et al. (2019)
observed that the presence of mouse macrophage led mouse SMCs
to have a 5-fold increase in agLDL uptake without having direct cell-
cell contact, confirming the early observations.

TABLE 2 | Summary of potential SMC-macrophages interactions in foam cell development.

Direct interaction Macrophage effect on SMCs
• Increase SMC phagocytic activity (Vijayagopal and Glancy, 1996)
• Delivery of macrophage cholesterol into SMCs (Weinert et al., 2013; He et al., 2020) SMC effect on macrophages
• Increase CD36 expression on monocytes

Indirect interaction Macrophage effect on SMCs
• Increase cholesterol uptake and degradation (Aviram, 1989; Nishide et al., 1992; Stein et al., 1994; Mietus-Snyder et al.,

2000; Wang et al., 2019)
• Transfer cholesterol directly to SMCs (Wolfbauer et al., 1986; He et al., 2018; Hu et al., 2019)
• Increase LAL activity (Dubland et al., 2021)
SMC effect on macrophages
• Increase cholesterol degradation (Aviram, 1989)
• Increase CD36 expression on monocytes (Cai et al., 2004)

Limitations • Limited ability to mimic artery wall milieu (Zuniga et al., 2014; Beck-Joseph and Lehoux, 2021)
• Inconsistent SMC and macrophage origins and phenotypes (Murray et al., 2014; Allahverdian et al., 2018)

Frontiers in Physiology | www.frontiersin.org June 2022 | Volume 13 | Article 9215979

Xiang et al. Smooth Muscle Macrophage Foam Cells

75

https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


In addition, using the conditioned media approach, several
articles showed that macrophages might promote cholesterol
esterification within SMCs while promoting lipoprotein uptake.
Stein et al. showed that after 24 h incubation with macrophage
conditionedmedia, SMCs had a 3-4-fold increase in cholesteryl ester
content compared to with SMCs alone, which could be enhanced
further by another 3-fold if the conditioned media was from the
macrophage foam cells (Stein et al., 1981, Stein et al., 1993, Stein
et al., 1994). Recent research by Dubland et al.(2021) also showed
that the conditioned media from macrophages could lead to a 2.8-
fold increase in SMC LAL activity, indicating the ability of
macrophages to influence LAL-dependent cholesterol metabolism
in SMCs (discussed further below).

In vitro Models for the Study of
SMCs-Macrophages Interactions in
Atherosclerosis
Currently, most in vitro models utilize direct cell contact models
to study direct cell-cell interactions and conditioned media or
transwell models to study secreted soluble mediator effects. While
the models are relatively simple to set up, they have several
limitations. Firstly, most in vitro models are 2-dimensional (2D)
and therefore cannot capture fully the artery wall structure and
dynamics observed in vivo, such as blood flow and extracellular
matrix (Zuniga et al., 2014; Beck-Joseph and Lehoux, 2021).
Previous research attempted to mimic the artery wall using a
gel scaffold model, but the composition of the scaffold in healthy
and diseased states remains to be determined to ensure the
model’s physiological relevance (Sukhova et al., 1999; Wight,
2018). Recent engineered tissue designs include microfabricated
vessels with biomaterials to mimic the functional blood vessel in
vivo, but the model remains to be tested to assess its applicability
in studying cell-cell interactions and foam cell formation (Moses
et al., 2021). Secondly, as different studies utilized cells from
different origins, species differences may contribute to the
discrepancies observed among studies. The plasticities of both
cell types can add a layer of complexity when comparing different
co-culture studies (Murray et al., 2014; Allahverdian et al., 2018).
Therefore, future studies should characterize the cell phenotypes
before performing interaction studies to ensure the
reproducibility of the results.

POTENTIAL ROLE OF MACROPHAGE-SMC
INTERACTIONS IN PROMOTING
CHOLESTEROL EFFLUX FROM FOAM
CELLS, AND POTENTIAL THERAPEUTIC
INTERVENTIONS

Cholesterol removal from foam cells is dependent on external
factors such as reducing the further influx of atherogenic
lipoproteins into the artery wall through the use of LDL-
lowering medications, and promoting intracellular cholesterol
efflux pathways. The latter include secretion of cellular cholesterol
to form HDL particles by upregulation of the cholesterol exporter

protein ATP-binding cassette transporter A1 (ABCA1), achieved
through the action of intracellular oxysterols binding to liver X
receptor (LXR) nuclear receptors on the promoter region of the
ABCA1 gene in the nucleus (Oram and Heinecke, 2005).
Additional cholesterol efflux pathways include ABCG1, also
upregulated by intracellular oxysterols, SR-BI, and passive
diffusion of cholesterol from the plasma membrane to
preformed HDL particles in the extracellular space (Phillips,
2014). We previously determined that ABCA1 expression is low
in arterial SMCs when compared to macrophages in both humans
and mice (Allahverdian et al., 2014; Wang et al., 2019); in human
SMCs we have also determined their expression of sterol-27-
hydroxylase, responsible for production of 27-
hydroxycholesterol, the key oxysterol required for upregulation
of ABCA1 in the artery wall via LXRα (Björkhem et al., 1994), as
well as LXRα itself, are also low when compared to macrophages
(Dubland et al., 2021). As such, arterial SMCs have a number of
potential reasons for impaired upregulation of ABCA1.

Perhaps most remarkably, arterial SMCs of both humans
and mice exhibit inherently low expression of Lipa, responsible
for LAL expression, when compared to macrophages in both
species (Dubland et al., 2021). This results in sequestration of
lipoprotein-derived cholesteryl esters within the lysosomes of
SMCs, rather than in the cytoplasm as in macrophage foam
cells (Figure 1). Addition of conditioned medium from
macrophages, which contains secreted LAL, or exogenous
LAL, is, however, able to correct cholesterol efflux in SMC
foam cells, despite lack of a further increase in ABCA1
expression in these cells (Dubland et al., 2021). As such, in
vivo, it is possible that macrophage-secreted LAL may be taken
up and be able to promote cholesterol efflux from nearby SMC
foam cells, depending on the proximity of the surrounding
macrophages and the ability of secreted LAL to diffuse within
the plaque interstitial fluid.

Other potential therapeutics aimed specifically at influencing
SMC-macrophage interactions could play an important role in
reducing atherosclerosis or inducing its regression. An example is
compoundNBI-74330, an antagonist for C-X-Cmotif chemokine
receptor 3 (CXCR3) on the surface of macrophages, which blocks
SMC-secreted ligand C-X-C motif chemokine ligand 10
(CXCL10) from activating CXCR3 to drive monocyte
retention and inflammation (van Wanrooij et al., 2008; van
den Borne et al., 2014). In vivo, NBI-74330 treatment led to a
significant reduction in mouse lesion area (van Wanrooij et al.,
2008). An additional target influencing both SMC and
macrophage foam cell formation is the lipoprotein-
proteoglycan interaction responsible for arterial lipoprotein
retention. Antibody chp3R99 has been developed to recognize
sulfated glycosaminoglycans, blockage of which inhibits
lipoprotein binding and reduces atherosclerotic lesion
formation in the rabbit (Soto et al., 2012). Similarly, removing
chondroitin sulfate from versican was also shown to reduce lipid
retention and monocyte recruitment in a rabbit model (Merrilees
et al., 2011). Further investigations are required to determine
whether targeting interactions between SMCs and macrophages,
as well as recruitment of each cell type to and retention of
lipoproteins in the intima, will come to fruition as novel
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treatments to prevent residual risk from atherosclerosis not
addressed by currently available medications.

CONCLUSION

In both humans and mice, the relative contribution of SMCs and
macrophages, the timing of their appearance, and their relative
proximity to each other and deposited lipids in the artery wall are
all key determinants of the initiation and progression of
atherosclerosis. A clearer understanding of these steps and the
interactions between SMCs and macrophages that influence foam
cell development and regression are likely to provide fertile
ground in the years ahead for development of novel
treatments that will reduce ischemic vascular disease beyond
what is possible with currently available treatments.
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Fatty Acid Profiling in Facial Sebum
and Erythrocytes From Adult Patients
With Moderate Acne
Ke Cao1†, Ye Liu1†, Ningning Liang2†, Xia Shen2, Rui Li 2, Huiyong Yin2* and Leihong Xiang1*

1Department of Dermatology, Huashan Hospital, Fudan University, Shanghai, China, 2CAS Key Laboratory of Nutrition,
Metabolism and Food Safety, Shanghai Institute of Nutrition and Health (SINH), Chinese Academy of Sciences (CAS), Shanghai,
China

Fatty acid (FA) metabolism has been involved in acne vulgaris, a common inflammatory
skin disease frequently observed in adolescents and adults, but it remains poorly defined
whether the distributions or location of FA in facial sebum and those in the circulation
differentially correlate with the disease. In a cohort of 47 moderate acne patients and 40
controls, sebum samples from forehead and chin areas were collected using Sebutape
adhesive patches, and erythrocytes were separated from the fasting blood. Total FAs were
analyzed by the gas chromatograph-mass spectrometry method. Compared to control
female subjects, female patients showed increased levels of saturated fatty acids (SFAs)
and monounsaturated fatty acids (MUFAs) from both facial areas, whereas decreased
levels of polyunsaturated fatty acids (PUFAs) from chin areas were observed. Interestingly,
the levels of docosahexaenoic acid (DHA) in the circulating erythrocytes were significantly
decreased in male patients compared with control. In addition, DHA levels in erythrocytes
were positively correlated with PUFAs from sebum only in male subjects. Furthermore,
female patients with moderate acne had more severe sebum abnormity and chin-specific
FA profiles, consistent with higher acne incidences than males in adulthood, especially in
the chin areas. Importantly, serum insulin-like growth factor 1 (IGF-1) levels were positively
correlated with SFAs and MUFAs from sebum only in male subjects. In summary,
differential spatial FA distributions in facial sebum and correlation with those in
erythrocytes and IGF1 levels in serum may shed some light on the pathology of acne
in male and female adults.

Keywords: acne (acne vulgaris), sebum, fatty acid (composition), erythrocyte (human), insulin-like growth factor 1
(IGF1)

INTRODUCTION

Acne vulgaris is a multifactorial skin disease that frequently occurrs after puberty (Skroza et al.,
2018). It continues to be a common and stressful skin problem even after teenage years and especially
affects females at higher rates than males (Collier et al., 2008). Emerging evidence suggests that
increased sebum production and alterations of sebum composition, including skin surface lipids
(SSLs), are among themost pivotal factors in the pathogenesis of acne (Zouboulis et al., 2014; Camera
et al., 2016; Zhou et al., 2018). SSL in sebum consists of diverse classes of lipids, among which fatty
acids (FAs) are primarily responsible for the inflammatory and innate immune responses in the
pathogenesis of acne (Ottaviani et al., 2010). Depending on the chemical structures, some FAs have
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pro-inflammatory and follicular keratinization properties
(Katsuta et al., 2005; Choi et al., 2019), but other FAs show
antibacterial and anti-inflammatory effects (Balic et al., 2020). A
different ratio between saturated fatty acid (SFA) and
monounsaturated fatty acid (MUFA) in the SSL of acne
patients (Smith et al., 2008) was reported, suggesting that FA
alterations in SSL could be considered causative factors of clinical
signs of acne (Ottaviani et al., 2010).

Circulating polyunsaturated fatty acids (PUFAs) are usually
detected in different lipoprotein particles, while the levels of
erythrocyte PUFAs are known to reflect relatively long-term
nutritional status (Arab, 2003) and are highly correlated with
PUFA compositions in various tissues (Fenton et al., 2016).
Furthermore, PUFA levels in the blood of acne patients are
associated with a pro-inflammatory state, while supplementation
with PUFA reverses acne lesions (Jung et al., 2014; Aslan et al., 2017).
In addition, insulin-like growth factor 1 (IGF1) plays an important
role in the pathogenesis of acne by inducing sebum overproduction
(Ju et al., 2017). However, it remains to be poorly defined whether
FA compositions in SSL in both genders and facial anatomical sites
correlate with those in the circulation and IGF1 levels in serum.

In this study, we examined the sebum alteration of the
forehead and chin in male and female patients with moderate
acne, focusing on the correlations between spatial FA levels in
facial sebum and those in blood circulation. Correlation of FA
profiles with IGF1 levels was also made. Discovery of these clues
on the FA compositions in acne may lay the ground for potential
dietary interventions to alter the facial FA in the prevention and
treatment of acne.

MATERIALS AND METHODS

Study Population
Forty-seven patients with moderate acne and forty age- and
gender-matched controls with normal facial skin were
recruited between September and December 2020 in Huashan
Hospital with the approval of the Huashan Hospital Ethics
Committee, Fudan University, Shanghai, China. Written
informed consent was obtained from all patients before the
study. All participants were nonsmokers and did not consume
alcohol. Patients with acne were selected from participants who
had not previously received acne-related treatments for a
minimum of 8 weeks prior to the enrollment. The clinical
grading of patients and control subjects was assessed by
dermatologists who followed the guidelines of acne vulgaris
(Zaenglein et al., 2016). Patients of systemic diseases including
polycystic ovarian syndrome (PCOS) and other skin disorders
were excluded from this study. A survey of food frequency and
24-h dietary recall were conducted using a food frequency
questionnaire (FFQ) (Roengritthidet et al., 2021).

Sample Collection
Sebum was collected from the central forehead and chin using a
Sebutape® (CuDerm Corporation, Dallas, TX, United States). The
Sebutape is an open-celled, microporous, hydrophobic, lipophilic
adhesive strip that has been shown to be a reproducible technique for

the collection of SSL (Nordstrom et al., 1986). The skin was
degreased with a 75% alcohol swab and allowed to dry. A
Sebutape that had been pre-weighed beforehand was placed onto
the skin for 30 min. The tape was reweighed for the gravimetric
assessment of sebum excretion rates (SERs, micrograms per square
centimeter per minute).Table 1 summarizes the average SER for the
study groups. The Sebutapes were stored at −80°C until further
analysis. In line with the recommendations of the European Group
for Efficacy Measurements on Cosmetics and Other Topical
Products (Piérard et al., 2000), sebum collections were performed
on all participants in the same examination room, where ambient
temperature and humidity were kept constant. Sebutapes were
applied between 11:00 am and 15:00 pm to avoid diurnal
variations of sebum secretion. Peripheral blood was collected and
centrifuged, and samples of both erythrocytes and plasma were
stored at −80°C until analysis.

Sample Preparation
FAs were extracted according to a previously published protocol
from our laboratory (Liu et al., 2021). In brief, a solvent mixture
(chloroform/methanol, 2:1 v/v) was added with the addition of
0.025% antioxidant butylated hydroxytoluene and C21:0 (20 μg,
internal standard). The extracts were vortexed for 5 min and then
centrifuged at 2,000 g for 10 min. After discarding the Sebutapes,
the extracts were dried under a gentle N2 flow and then
derivatized to form fatty acid methyl esters (FAMEs) via the
addition of 2 ml 2% H2SO4 in methanol and incubation at 80°C
for 1 h. Next, 2 ml hexane and 500 μl ddH2O were added, and the
upper phase was dried under the N2 flow. The samples were
resuspended in 100 µl hexane prior to gas chromatography-mass
spectrometry (GC-MS) analysis.

GC-MS Analysis
A Shimadzu QP-2010 Ultra GC-MS was programed with an
injection temperature of 250°C, injection split ratio of 1/20, and
injection volume of 1 μl sample. The GC column was a 30 m ×

TABLE 1 | Demographic details of control subjects and moderate acne patients.

Characteristic Control
subjects (n = 40)

Moderate acne patients
(n = 47)

Male, N, (%) 18 (45) 17 (36)
Female, N, (%) 22 (55) 30 (64)
AGE, mean (SD), y 26.72 (3.154) 25.67 (3.273)NS

BMI, mean (SD), kg/m2 20.86 (1.578) 20.94 (1.570)NS

SER, mean (SD), μg/cm2/minute

Total 6.166 (2.931) 6.577 (2.617)NS

Male 6.698 (3.085) 6.907 (2.971)NS

Female 5.711 (2.749) 6.349 (2.407)NS

Forehead 6.221 (2.522) 6.515 (2.666)NS

Chin 6.111 (3.323) 6.640 (2.597)NS

IGF1, mean (SD), μg/L

Total 167.2 (33.96) 171.65 (33.19)NS

Male 155.5 (28.49) 167.14 (34.31)NS

Female 182.29 (34.5) 174.08 (32.31)NS

BMI, body mass index; SER, sebum excretion rate; IGF1, insulin-like growth factor 1.
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0.25 mm × 0.25 mm HP-5ms. The amount of FA was quantified
by using a standard response curve with the internal standard.
The samples were analyzed in a random sequence. Quality
control samples and blank control samples were injected for
every 15 samples to ensure repeatability.

Statistical Analysis
Statistical analysis was conducted using GraphPad Prism (Graph-
Pad Software) and SPSS, version 26 (IBMCorporation). Continuous
variables were expressed as means and standard deviations (SDs)
and categorical data as percentage distributions. Student’s t test and
analysis of variance test were used for quantitative data, and Fisher’s
test was used to compare categorical data. A statistical probability of
p < 0.05 was considered significant. Z-score was calculated and
presented in a heatmap using the R package ComplexHeatmap
v.2.8.0. Red in the heatmap represents that Z-score is more than 0,
whereas blue represents that Z-score is less than 0. Spearman’s
correlation coefficients between sebumwithin samples in each group
were calculated and visualized by R package corrplot 0.9.0. Negative
correlations were shown in blue, whereas positive correlations were
in red. All the statistical analyses were performed using R v.4.1.0.

RESULTS

Subject Demographics
Participants in the current study were 18–35 years old.
Demographics of controls and subjects with acne are described in
Table 1. Two groups were similarly distributed in terms of gender
and age. The body mass index (BMI) in the two groups was within
the normal range. To evaluate sebometry, the parameter associated
with acne pathogenesis including the SER was determined for each
participant. The SER of acne patients was all increased than that of
control subjects regardless of the genders and facial sites but did not
reach statistical significance. To minimize the effects of SER values
on sebum chemometrics, the levels of FA in all samples were
normalized to the weight of sebum.

FA Profiles in Sebum
A total of twenty FAs in SSL were quantified in the GC-MS analysis
(Supplementary Table S1). Palmitic acid (PA, C16:0), sapienic acid
(SA, C16:1n-10), stearic acid (C18:0), myristic acid (C14:0), and oleic
acid (OA, C18:1) are the top five most abundant FAs in the sebum,
accounting for about 31%, 21%, 11%,10%, and 8%, respectively, for
control subjects (Figure 1A) and acne patients (Figure 1B), consistent
with previous reports (Akaza et al., 2014). However, none of these FAs
between the two groupswas statistically significant.Moreover, 11 SFA,
five MUFA, and four PUFA were detected in our method. Heatmaps
of the average amounts of sebum lipids in the forehead and chin of
both genders between the control and acne groups are reported in
Figure 2. First, comparisons within each group were made. In the
control group, SFA (C15:0, C16:0, C17:0, C19:0, C20:0, C22:0, C23:0,
C24:0) and MUFA (C15:1, C17:1) from forehead were decreased in
female subjects compared to male ones (#p < 0.05). Meanwhile, the
levels of SFA (C15:0) and MUFA (C16:1n10, C17:1) from the chin
were also lower in female subjects than inmales (#p < 0.05). However,
these differences in SFA andMUFA between the two genders did not
differ within the acne group. Moreover, in the control group, the level
of linoleic acid (C18:2, LA) from the chin of both genders was higher
than that of the forehead ($p < 0.05). C18:3 (α-linolenic acid, ALA)
was also increased in the chin of women ($p < 0.05). However, within
the acne group, when gender and site were taken into consideration,
only men had higher levels of ALA ($p < 0.05) in the chin than the
forehead. Next, comparisons were made between the two groups.
Female acne patients hadmore FA alterations in the sebum (shown as
*p< 0.05). In detail, in the forehead of female subjects, all detected SFA
(except C18:0) and two MUFA (C14:1 and C17:1) were significantly
increased compared to those of control females (*p < 0.05).
Meanwhile, markedly increased levels of SFA (C14:0, C15:0) and
MUFA (C16:1n10) and decreased level of PUFA (ALA)were detected
in the chin of female acne patients than in control female subjects
(*p < 0.05). In addition, male patients had lower levels of PUFA (C18:
2) in the chin in the acne group than in the control group (*p < 0.05).
Overall, the FA abnormality of facial sebum in acne patients was
mainly found in females in a spatial and gender-specific manner.

FIGURE 1 | Percentage of total fatty acids in sebum from control subjects (A) and acne patients (B). GLA, γ-linolenic acid; ALA, α-linolenic acid.

Frontiers in Physiology | www.frontiersin.org June 2022 | Volume 13 | Article 9218663

Cao et al. Facial Fatty Acids in Sebum

85

https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


FA Profile of Erythrocytes in Subjects
We separated blood samples into erythrocytes and plasma
fractions. The levels of erythrocytes FA are known to reflect
relatively long-term nutritional status (Arab, 2003). Thirteen FAs
were detected in erythrocytes, including six SFAs, two MUFAs,
and five PUFAs (Table 2). We found that levels of
docosahexaenoic acid (C22:6, DHA) in erythrocytes were
significantly decreased in male patients with moderate acne
than in control male subjects (*p < 0.05). Interestingly, female
patients with acne showed higher levels of DHA than male

patients (#p < 0.05). However, none of the FA in plasma had
significant differences between control and acne groups in both
genders (Supplementary Table S2).

Correlation of FA Levels With Those in the
Sebum and Blood
As we observed that DHA in erythrocytes had specific
differences in males, we further analyzed the correlation of
Omega-3 PUFAs in erythrocytes and sebum. In male subjects,

FIGURE 2 | Heatmaps of quantified fatty acids levels normalized by Z-score from sebum on forehead and chin between males (M) and females (F) in control and
acne groups. *p < 0.05, **p < 0.01, and ***p < 0.001 vs. the gender- and site-matched control group; #p < 0.05, ##p < 0.01, and ###p < 0.001 vs. site-matched male
control group; $p < 0.05 and $$p < 0.01 vs. gender- and group-matched subjects.

TABLE 2 | Fatty acid profile of erythrocytes between control and acne groups.

FA of erythrocyte (μg/μl, mean ± SD)

Control subjects (n = 40) Moderate acne patients (n = 47)

Male Female Male Female

C12:0 0.03 ± 0.01 0.05 ± 0.03 0.05 ± 0.03 0.12 ± 0.07
C14:0 0.47 ± 0.12 0.51 ± 0.17 0.50 ± 0.23 0.78 ± 0.37
C15:0 0.24 ± 0.06 0.25 ± 0.08 0.21 ± 0.04 0.37 ± 0.20
C16:0 48.61 ± 6.58 46.68 ± 6.86 46.17 ± 6.04 50.50 ± 6.12
C17:0 0.47 ± 0.05 0.49 ± 0.07 0.38 ± 0.10 0.51 ± 0.07
C18:0 14.63 ± 1.32 14.35 ± 2.58 14.48 ± 2.85 16.33 ± 3.67
C16:1 0.36 ± 0.18 0.37 ± 0.12 0.34 ± 0.29 0.53 ± 0.35
C18:1 33.00 ± 4.74 29.41 ± 5.72 32.28 ± 5.34 32.55 ± 4.35
C18:2 26.44 ± 4.03 24.91 ± 6.34 26.17 ± 2.71 28.22 ± 5.91
C18:3 (ALA) 0.27 ± 0.07 0.22 ± 0.09 0.27 ± 0.07 0.33 ± 0.15
C20:4 9.80 ± 1.27 10.10 ± 1.82 9.45 ± 1.63 10.14 ± 2.18
C20:5 0.57 ± 0.15 0.52 ± 0.15 0.54 ± 0.17 0.77 ± 0.27
C22:6 5.48 ± 0.55 6.25 ± 1.17 4.58 ± 0.51* 7.01 ± 1.26#

ALA, α-linolenic acid; *p < 0.05 vs. the gender-matched control subjects, #p < 0.05 vs. the group-matched male subjects.
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ALA and DHA levels of erythrocytes were positively correlated
with ALA levels in sebum from the forehead (Figure 3A).
Meanwhile, DHA levels of erythrocytes positively correlated
with LA levels from the chin (Figure 3B). However, the
patterns of correlation were different in females
(Supplementary Figure S1).

Correlation of IGF1 Levels and FA
Composition From Sebum
Next, we examined the correlation between IGF1 levels with sebum
FAs and found that IGF1 levels were increased in male patients with
moderate acne, but it did not reach statistical significance (Table 1).
We further analyzed the correlation of IGF1 levels and FA

FIGURE 3 | Correlations between Omega-3 PUFA of erythrocytes and FA of sebum from the forehead (A) and chin (B) in male subjects. *p < 0.05 and **p < 0.01.

FIGURE 4 | Correlations between IGF1 levels and FA of sebum from forehead (A) and chin (B) in male subjects. *p < 0.05 and **p < 0.01.
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composition from sebum. In male subjects, IGF1 levels were
positively correlated with SFA (C12:0, C14:0, C15:0, C17:0, C18:0,
C19:0, C20:0, C22:0, C23:0) and MUFA (C14:1, C15:1, C16:1n10,
C17:1) levels in sebum from the forehead (Figure 4A). Meanwhile,
IGF1 levels were positively correlated with SFA (C18:0) levels from
the chin (Figure 4B). However, IGF1 levels showed no correlation
with FA composition from sebum in females (Supplementary
Figure S2). Previous studies showed that milk consumption was
positively associated with circulating IGF-1 levels (Melnik and
Schmitz, 2009). We found that the frequent consumption of
milk, 250ml or more per day, was associated with acne in
categorical analysis in both genders, although it did not reach
statistical significance (Table 3).

DISCUSSION

Acne is a common dermatosis characterized by increased sebum
production and inflammatory response (Melnik, 2015). It frequently
occurs in teenagers and continues to late adolescence or early
adulthood (Collier et al., 2008). Teenagers are prone to have
numerous inflammatory and non-inflammatory comedonal lesions
in T-zone (forehead, nose, and upper cheeks); however, the female
type of adult acne presents deep-seated, long-lasting small nodules and
cysts in theU-zone (chin, jawline, and neck) (Holzmann and Shakery,
2014; Dreno et al., 2018). Emerging studies have focused an SSL
abnormity in both juvenile acne and adult acne (Camera et al., 2016;
Zhou et al., 2018) and found that FA variations in sebum play a vital
role in the induction of acne inflammation (Zouboulis et al., 2014).
Furthermore, FAs in facial sebum can be affected by many factors,
including acne severity, age, gender, anatomical site, circadian rhythm,
and drug application (Ní Raghallaigh et al., 2012; Cui et al., 2018; Jia
et al., 2019; Zhou et al., 2020a; Zhou et al., 2020b; Zhou et al., 2020c).
However, the FA alterations in facial sebum remain to be clearly
studied. In this study, we systematically analyzed FA levels in facial
sebum in the forehead and chin area and in erythrocytes from both
male and female acne patients, comparedwith their gender- and aged-
matched control subjects. To the best of our knowledge, this study
represents the first study on Chinese populations with moderate acne,
who have distinct lifestyles, including dietary habits and
environmental exposure, from the Western countries.

FAs can have both pro-inflammatory and anti-inflammatory
effects in the context of acne pathogenesis (Balic et al., 2020). SFAs,
such as palmitic acid (PA, C16:0), can induce the production of
proinflammatory cytokines in sebocytes, keratinocytes, and
macrophages (Zhou et al., 2013; Choi et al., 2019). On the other
hand, unsaturated fatty acids (UFAs), especially MUFA, including
sapienic acid (SA, C16:1n-10), palmitoleic acid (POA, C16:1), and
oleic acid (OA, C18:1), have bactericidal activity (Wille and
Kydonieus, 2003). However, the potential role of SA which is
unique to human sebum in the etiology of acne is still
controversial and remains to be elucidated. SA can replace LA
and result in comedogenesis besides its antimicrobial function
(Stewart et al., 1986; Perisho et al., 1988). Furthermore, POA and
OA induce calcium influx into keratinocytes and cause abnormal
differentiation of the epidermis that characterizes acne (Katsuta et al.,
2005). In the current study, we substantiated that levels of SFA and
MUFA from sebum were at higher levels in adult female acne
patients than in control females, whereas no significant difference in
these FAs was observed in male subjects. These observations might
partly explain the increased rates of acne in women than men after
puberty (Collier et al., 2008). Furthermore, we observed markedly
increased levels of SA in the chin of female patients, consistent with
the fact that adult women have a specific appearance of U-zone acne.

Notably, FAs consisted of odd carbon that may come from
dairy and intestinal bacteria. For example, pentadecanoic acid
(C15:0) and heptadecanoic acid (C17:0), which account for only a
small proportion of total saturated fatty acids in milk fat and
ruminant meat, can also be synthesized endogenously from gut-
derived propionic acid (C3:0) (Pfeuffer and Jaudszus, 2016). Fatty
acid desaturase 2 (FADS2), highly expressed in the human
sebaceous gland, has been shown to convert C17:0 to C17:
1 (Wang et al. 2020).

PUFAs are classified as Omega-3 and Omega-6, such as ALA
and LA, respectively (Zouboulis et al., 2014). The therapeutic
effect of ALA has been attributed to its anti-inflammatory activity
(Balic et al., 2020). LA can attenuate the development of
comedonal acne, and topical application of LA reduces
microcomedones (Nicolaides et al., 1972; Letawe et al., 1998).
Interestingly, we found that in the control group, female subjects
have much more ALA and LA in the chin than the forehead, but

TABLE 3 | Categorical analysis of milk consumption and acne.

Characteristic Control
subjects (n = 40)

Moderate acne patients
(n = 47)

Odds ratio (95% CI) p-value

Any kind of milk, n (%)

Total
<250 ml/day 31 (77.5) 29 (61.7) 2.138 (0.793–5.237) 0.163
≥250 ml/day 9 (22.5) 18 (38.3)
Male
<250 ml/day 15 (83.3) 9 (52.9) 4.444 (0.959–17.86) 0.075
≥250 ml/day 3 (16.7) 8 (47.1)

Female

<250 ml/day 16 (72.7) 20 (66.7) 1.333 (0.417–4.429) 0.765
≥250 ml/day 6 (27.3) 10 (33.3)
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this trend disappeared in the acne group. Instead, decreased levels
of ALA in the chin of females acne patients compared to control
females were observed. These data may partially explain why acne
lesions are likely to spread on the chin of adult women (Dreno
et al., 2018; Muguet Guenot et al., 2018). Thus, it is tempting to
speculate that topical application of ALA or LA may be beneficial
specifically in female acne patients.

Erythrocytes FAs are known to reflect relatively long-term dietary
status (Arab, 2003) and are highly correlated with FA compositions
in various tissues (Fenton et al., 2016). Hence, we also analyzed FA
profiles of erythrocytes and plasma in acne patients and control
subjects. Our data showed the decreased levels of Omega-3 FA in
male patients, especially DHA in erythrocytes, compared to the
control. It has been reported that an aggravation of acne and changes
of FA in sebum were associated with increased intake of a Western
diet that contains more saturated fat (Macdonald, 1964; Burris et al.,
2014). The ratio of Omega-6/Omega-3 is 15:1 to 16:1 in a Western
diet, while the recommended ratio differs from 1:1 up to 4:1 Balic
et al., (2020). A high intake of these “danger signals” can activate the
nutrient-sensitive kinase mechanistic target of rapamycin complex 1
(mTORC1), which stimulates sterol response element binding
protein-1 (SREBP-1) and then upregulates stearoyl-CoA-
desaturase (SCD), enhancing the proportion of MUFA in sebum
triglycerides during the pathogenesis of acne (Melnik, 2015). Smith
RN et al. (Smith et al., 2008) reported that a low glycemic load diet on
acne patients was beneficial because it showed a decreased desaturase
activity, contributing to a low level of MUFA in SSL. Furthermore,
decreased PUFA (eicosapentaenoic acid, EPA) level in acne reveals
the presence of a proinflammatory state (Aslan et al., 2017), while
supplementing with EPA may be used as adjuvant treatments for
acne patients (Jung et al., 2014). In our study, we tried to correlate FA
profiles of erythrocytes and sebum and found a distinct pattern of
correlation between females and males, suggesting that dietary
intervention can be a viable therapeutic approach for male acne
patients.

The relationship between IGF1 and acne remains controversial.
Some studies reported that IGF1 levels were increased in acne patients
(Agamia et al., 2016), while others showed no significant difference in
IGF1 levels between acne patients and controls (Cappel et al., 2005;
Aktas Karabay et al., 2020). Moreover, Vora et al. (2008) found that
serum IGF1 levels were positively correlated with facial sebum
excretion and acne lesion counts. However, the correlation between
IGF1 levels and FA compositions of facial sebum has never been
reported. In this study, we demonstrated that IGF1 levels were
positively correlated with SFA and MUFA levels in sebum from
male patients with moderate acne. Interestingly, milk consumption
appears to be associatedwith increased IGF1 levels in serum, consistent
with previous reports inwhich IGF1was positively associatedwith acne
severity in adults (Norat et al., 2007; Roengritthidet et al., 2021) Our
study suggests that diets with high IGF1 should be seriously considered
during the outbreak of acne due to their direct effect on FA
composition of facial sebum, especially for male acne patients.

There are some limitations in this study. The study population
was limited to moderate acne patients after puberty and did not
include teenagers and mild and severe acne patients. Because the
BMI of the enrolled participants was normal and toward lean bodies,
observations from this study may not reflect overweight and obese

populations. Due to the low levels of EPA and DHA in sebum, these
two essential FAs were below the detection limit in sebum FA
profiling. Furthermore, inflammatory parameters were not
considered in the study. Milk consumption was not categorized
into specificmilk types, and other dietary intakes need to be included
in the dietary questionnaire. Last, this cross-sectional study does not
provide dynamic changes during the pathogenesis of acne, and
future longitudinal study with multiple time points for follow-ups
may provide more mechanistic insights.

In summary, our study has provided evidence that FA alterations
in facial sebum in female acne patients can be partially responsible
for their higher incidence than males in adulthood. Moreover,
altered FA compositions of different anatomical sites resulted in
an increased inflammation environment characteristic of U-zone
acne in adult women. In addition, we observed distinct patterns of
correlations between Omega-3 PUFA in erythrocytes and sebum
and correlations between IGF1 levels in serum and sebum in male
acne patients. Overall, our study suggests that gender- and site-
specific topical application of FA can be used as sebum-modifying
treatments, especially for Omega-3 PUFA.
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Pathogenesis of Alcohol-Associated
Fatty Liver: Lessons From Transgenic
Mice
Afroza Ferdouse and Robin D. Clugston*

Department of Physiology, University of Alberta, Edmonton, AB, Canada

Alcohol-associated liver disease (ALD) is a major public health issue that significantly
contributes to human morbidity and mortality, with no FDA-approved therapeutic
intervention available. The health burden of ALD has worsened during the COVID-19
pandemic, which has been associated with a spike in alcohol abuse, and a subsequent
increase in hospitalization rates for ALD. A key knowledge gap that underlies the lack of
novel therapies for ALD is a need to better understand the pathogenic mechanisms that
contribute to ALD initiation, particularly with respect to hepatic lipid accumulation and the
development of fatty liver, which is the first step in the ALD spectrum. The goal of this
review is to evaluate the existing literature to gain insight into the pathogenesis of alcohol-
associated fatty liver, and to synthesize alcohol’s known effects on hepatic lipid
metabolism. To achieve this goal, we specifically focus on studies from transgenic
mouse models of ALD, allowing for a genetic dissection of alcohol’s effects, and
integrate these findings with our current understanding of ALD pathogenesis. Existing
studies using transgenic mouse models of ALD have revealed roles for specific genes
involved in hepatic lipid metabolic pathways including fatty acid uptake, mitochondrial β-
oxidation, de novo lipogenesis, triglyceride metabolism, and lipid droplet formation. In
addition to reviewing this literature, we conclude by identifying current gaps in our
understanding of how alcohol abuse impairs hepatic lipid metabolism and identify
future directions to address these gaps. In summary, transgenic mice provide a
powerful tool to understand alcohol’s effect on hepatic lipid metabolism and highlight
that alcohol abuse has diverse effects that contribute to the development of alcohol-
associated fatty liver disease.

Keywords: alcohol, alcohol-associated fatty liver disease, steatosis, fatty acid uptake, de novo lipogenesis,
mitochondrial beta-oxidation, triglyceride metabolism

INTRODUCTION

Chronic excess alcohol consumption is a major public health issue, and one of the leading causes of
liver disease (Sherlock and Dooley, 2008; Bruha et al., 2012; WHO, 2018). Excess alcohol
consumption is associated with the development of alcohol-associated liver disease (ALD),
which includes a well-described spectrum of disease ranging from hepatic fat accumulation
(steatosis) to cirrhosis and hepatocellular carcinoma (Miller et al., 2011; Ceni et al., 2014). It is
estimated that 1 in 3 people drink alcohol around the world (GBD 2016 Alcohol Collaborators,
2018).While drinking patterns vary from country to country, the overall health burden of alcohol use
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is high, and ranks in the top ten risk factors for death and
disability-adjusted life-years (DALYs) GBD 2016 Alcohol
Collaborators (2018). Alcohol consumption and abuse are
prevalent in North America. In the United States, 85.6% of
adults reported drinking alcohol at some point in life, and
25.8% drink heavily (Redlich et al., 1998). In Canada, 78.2% of
the total population reported drinking alcohol in the past year
and 19.1% reported heavy drinking (Canadian Center on
Substance Use and Addiction, 2019). According to the World
Health Organization (WHO), global alcohol consumption
including that in the United States and Canada is predicted to
further increase by 2025 (WHO, 2018). While alcohol has always
historically been associated with ALD, this health burden has
worsened during the COVID-19 pandemic, which has been
associated with a spike in alcohol abuse, and a subsequent
increase in hospitalization rates for ALD (Shaheen et al., 2021;
Sohal et al., 2021; Stockwell et al., 2021).

Strikingly, there are no FDA-approved therapies for the
treatment of ALD (Osna et al., 2017; Singal and Shah, 2019).
This represents an unmet need to treat patients with ALD and has
its origins in an incomplete understanding of ALD pathogenesis.
The initial phase of ALD is the development of hepatic steatosis,
which develops in approximately 90%–100% of heavy drinkers
(consuming ≥60 g/day of alcohol) and predisposes these
individuals to more severe liver disease (Crabb, 1999; Mann
et al., 2003; Singal and Shah, 2019). Alcohol is known to have
wide-ranging effects on hepatic lipid metabolism leading to the
accumulation of hepatic fat, as recently reviewed by others (You
and Arteel 2019; Jeon and Carr 2020; Hyun et al., 2021).

The goal of this review is to evaluate the existing literature to
gain insight into the pathogenesis of alcohol-associated fatty liver,
with a specific emphasis on information garnered from transgenic
mouse models (summarized inTable 1). This approach allows for
a genetic dissection of alcohol’s effects on hepatic lipid
metabolism, which we integrate with our current
understanding of ALD pathogenesis in humans. In addition to
reviewing this literature, we aim to discuss the limitations of
working with transgenic mouse models, identify current gaps in

our understanding of how alcohol abuse impairs hepatic lipid
metabolism, and identify future directions to address these gaps.

ALCOHOL’S EFFECTS ON HEPATIC LIPID
METABOLISM

The liver is of central importance in whole-body lipid metabolism
in mammals (Alves-Bezerra and Cohen, 2017). The liver also
serves as the primary organ for alcohol detoxification, the
metabolic burden of which directly and indirectly affects the
complex and interconnected pathways of hepatic lipid

TABLE 1 | Summary of study design and key findings from transgenic mouse models of ALD.

Author, year
(PMID)

Gene
(background)

Sex Alcohol feeding protocol ALD
phenotype

Putative mechanism

Clugston et al. (2014)
(24280415)

Cd36−/−(C57BL/6) Male LDeC, 5.1% (v/v) alcohol, 6 weeks Alleviated Impaired FA uptake (?),
decreased DNL

Nakajima et al. (2004)
(15382117)

Pparα−/− (Sv/129) Male LDeC, 4.0% (v/v) alcohol, 6 months Worsened Impaired mitochondrial β-oxidation

Ji et al. (2006) (16879892) Srebp1c−/− (mixed) Male Intragastric infusion, 4.4% (v/v), 4 weeks Alleviated Decreased DNL
Lounis et al. (2016)
(27477676)

Scd1−/−

(C57BL/6N)
Male LDeC, 5.0% (v/v) alcohol, 10 days plus

binge (5 g/kg)
Alleviated Decreased DNL

Zhang et al. (2016)
(27062444)

PPARγΔ-Hep
(mixed)

Male LDeC, 5.6% (v/v) alcohol, 8 weeks Alleviated Decreased DNL, decreased TG
synthesis

Huang et al. (2018)
(30192394)

Dgat1−/− (C57BL/6) Male LDeC, 5.1% (v/v) alcohol, 6 weeks Alleviated Decreased TG synthesis

Xu et al. (2016) (27075303) Ces1−/− (C57BL/6J) Not
mentioned

LDeC, 5.0% (v/v) alcohol, 10 days plus
binge (3 g/kg)

Worsened Increased DNL, impaired mitochondrial
β-oxidation

Carr et al. (2014)
(24831094)

Plin2−/− (C57BL/6J) Male LDeC, 2.71% (v/of calories from alcohol,
6 weeks

Alleviated Impaired LD formation

FIGURE 1 | General mechanisms linking chronic alcohol consumption
with hepatic lipid accumulation. Chronic alcohol consumption impacts hepatic
lipid metabolism and drives the accumulation of hepatic triglycerides in several
ways, including: 1) increased FA uptake, 2) decreased mitochondrial β-
oxidation, and 3) increased hepatic de novo lipogenesis. These effects
increase the hepatic FA pool available for esterification into triglyceride and
lipid droplet formation. This effect is further compounded by 4) decreased
VLDL triglyceride secretion. Red arrows indicate the detrimental effects of
alcohol. Image created with BioRender.com.
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metabolism, precipitating the development of hepatic steatosis.
As reviewed elsewhere (You and Arteel, 2019; Jeon and Carr,
2020), alcohol impacts multiple aspects of hepatic lipid
metabolism including increased hepatic fatty acid (FA) uptake,
increased hepatic de novo lipogenesis (DNL), decreased
mitochondrial β-oxidation, and decreased very low density
lipoprotein (VLDL) secretion, the net effect of which is
increased hepatic lipid accumulation (Figure 1). In terms of
increased hepatic FA uptake, chronic alcohol consumption
increases adipose tissue lipolysis, which leads to an increase in
circulatory free FA available for hepatic uptake (Kang et al., 2007;
Zhong et al., 2012; Wei et al., 2013). Regarding DNL, the
predominant mechanism is alcohol-induced activation of
sterol regulatory element binding protein 1 (SREBP1c), a
transcriptional regulator of multiple genes in the DNL
pathway, including Acetyl CoA Carboxylase (Acc), FA
Synthase (Fasn), and Stearoyl CoA Desaturase 1 (Scd1) (You
et al., 2002). Alcohol’s ability to impair mitochondrial β-
oxidation is multifactorial, but is primarily driven by two
factors: first, an increase in the hepatic NADH:NAD + ratio
secondary to alcohol oxidation, favoring this process over FA
oxidation (Lieber, 1988); and second, by decreasing Peroxisome
Proliferation Activator Receptor-α (PPARα) activity, a
transcriptional regulator of several genes associated with
mitochondrial β-oxidation (Nanji et al., 2004). Alcohol’s ability
to impair VLDL secretion is linked to impaired lipidation of Apo-
B, resulting in reduced VLDL particle formation and export of
hepatic lipids (Sugimoto et al., 2002; Kharbanda et al., 2012). As
noted above, these broad effects of alcohol on hepatic lipid
metabolism leads to an increase in the hepatic FA pool, which
can be esterified and stored in lipids droplets as triglycerides
(TGs). The following sections will further explore each of these
pathways, and the importance of using transgenic mice to
understand their contribution to ALD.

HEPATIC FA UPTAKE

Chronic alcohol consumption induces the lipolysis of TGs stored
in white adipose tissue (WAT), which enter the circulation and
can be taken up by the liver (Figure 1). Insulin is the major
hormone that supresses adipose lipolysis (Stumvoll et al., 2001).
Chronic ethanol feeding induces insulin resistance that markedly
impairs the anti-lipolytic effects of insulin in WAT, enhancing
TG breakdown to release free FA into the circulation (Kang et al.,
2007). Circulating free FAs derived from adipose lipolysis are
directly taken up by hepatocytes with the help of FA transport
proteins (FATPs) or FA translocase/CD36 (Kang et al., 2007; Jeon
and Carr, 2020). Among the multiple FATP family members,
FATP2 and FATP5 are highly expressed in the liver (Stahl et al.,
2001). CD36 expression is normally low in the healthy liver but its
expression is induced in the alcohol exposed liver (Ge et al., 2010;
Clugston et al., 2011; Ronis et al., 2011; Zhong et al., 2012). This
observation led to the hypothesis that alcohol-induced
upregulation of CD36 promotes the uptake of circulating FAs,
contributing to the development of alcohol-associated fatty liver.
Clugston et al. (2014) tested this hypothesis in Cd36−/− mice

consuming a low-fat/high carbohydrate Lieber-DeCarli (LDeC)
liquid diet with 5.1% (v/v) alcohol for 6 weeks. Importantly, the
blood alcohol concentration was not different between alcohol
fed wild-type (WT) and Cd36−/− mice, indicating no effect of
CD36 deficiency on ethanol metabolism. Histological and
biochemical analysis of hepatic TGs clearly demonstrated that
CD36 deficiency had a protective role in the development of
alcohol-associated steatosis. However, follow-up analysis
indicated that this protective effect was not linked to altered
FA uptake, and no compensatory changes in the expression level
of Fatp2 or Fatp5 were observed in Cd36−/− mice. Interestingly,
expression studies examining the DNL pathway and in vivo
kinetic studies indicated that the rate of hepatic DNL was
reduced in Cd36−/− mice. This data suggested that in alcohol
consuming WT mice, a higher rate of DNL provided additional
FA for TG synthesis, a finding that was underscored by a
significant increase in Dgat2 expression only in alcohol-fed
WT mice, a TG synthesizing enzyme that is known to be
coupled to DNL (Wurie et al., 2012). Thus, genotype-specific
changes in DNL were the major contributor to the protective
effect of CD36 deficiency. Indeed, this link between CD36 and
DNL was recently elucidated and linked to CD36’s ability to
regulate SREBP1c, a key transcriptional regulator of the DNL
pathway (Zeng et al., 2022).

In summary, alcohol feeding studies in Cd36−/− mice indicate
that CD36 is important in the pathogenesis of ALD, although a
direct effect on hepatic FA uptake was ruled out (Clugston et al.,
2014). It is important to highlight that this study was conducted
in mice consuming the low-fat/high carbohydrate formulation of
LDeC liquid diets. As discussed below, this lipogenic diet may
favor hepatic DNL as a driver of hepatic lipid accumulation as
opposed to increased hepatic FA uptake, which might be more
associated with the high-fat/low carbohydrate formulation of the
LDeC liquid diet. The pathogenesis of ALD in Cd36−/− mice
consuming the high-fat/low carbohydrate formulation of the
LDeC liquid diet has not been reported. The existing literature
supports a role for increased hepatic uptake in the pathogenesis of
ALD, which is coupled to increased WAT lipolysis (Kang et al.,
2007). The importance of this pathway was recently highlighted
when it was shown that modulating FA disposal via brown
adipose tissue impacted the severity of ALD (Shen et al.,
2019). The question remains, what is the primary mediator of
hepatic FA uptake in the alcohol-exposed liver, and can this be
targeted to ameliorate ALD? While FATP2 and FATP5 are
possible candidates their role in ALD has not been directly
studied and requires further investigation.

MITOCHONDRIAL β-OXIDATION

Alcohol’s ability to impair mitochondrial β-oxidation is another
mechanism that can contribute to channeling of hepatic FAs
toward TGs formation and the development of hepatic steatosis.
As reviewed elsewhere (Jeon and Carr, 2020), there are different
mechanisms through which alcohol inhibits mitochondrial β-
oxidation, although one of the primary ways is thought to be by
decreasing PPARα activity (Wan et al., 1995; Galli et al., 2001;
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Fischer et al., 2003; Jeon and Carr, 2020). PPARα is an important
transcriptional regulator of several genes associated with
mitochondrial β-oxidation (Yu et al., 2003), and free FAs and
their derivatives serve as ligands for PPARα and activate PPARα
signaling to stimulate mitochondrial β-oxidation of hepatic FAs
(Keller et al., 1993; Forman et al., 1997).

The central role of PPARα signaling in hepatic lipid
metabolism and data linking ALD with altered PPARα activity
has led to extensive investigations into the role of PPARα in the
pathogenesis of ALD. Indeed, earlier studies in mice showed that
ethanol feeding impaired the activity of PPARα resulting in
decreased expression of PPARα target genes related to FA β-
oxidation (Fischer et al., 2003). Moreover, treatment with a
PPARα agonist (Wy14,643) restored the activation of PPARα
and target gene expression, thereby increasing FA β-oxidation in
alcohol fed mice and preventing steatosis formation (Fischer
et al., 2003). Similarly, downregulated PPARα responsive genes
have also been reported in alcohol fed rats, which corresponded
to increased steatosis and liver injury, and that PPARα activation
with Clofibrate restores the expression of PPARα regulated genes,
and reduces steatosis severity and markers of ALD (Nanji et al.,
2004).

With growing evidence linking altered PPARα activity with
ALD, studies leveraging transgenic mice were conducted. In 2004,
Nakajima et al. reported that ALD is worsened in Ppara−/− mice
(Nakajima et al., 2004). These authors fed WT and Ppara−/−mice
4% (v/v) ethanol containing LDeC liquid diets for 6 months. At
the end of the study period liver injury was markedly more
pronounced in alcohol consuming Ppara−/− mice, including
worsened hepatomegaly and evidence of severe hepatocyte
damage, inflammation, and fibrosis that was not observed in
WTmice. The authors concluded that loss of PPARα exacerbated
ALD through several mechanisms including acetaldehyde
accumulation, impaired antioxidant capacity of the liver, and
potentiated proinflammatory signaling via NF-κB. Regarding
steatosis, baseline levels of hepatic TGs were higher in the
Ppara−/− mice, which is in accord with the phenotype of these
mice (Kersten et al., 1999); however, the authors noted that while
hepatic TG levels increased to a similar extent after 6 months of
alcohol feeding, analysis at earlier time points showed that
hepatic TG accumulation was higher in the Ppara−/− mice
compared to WT. This led the authors to suggest that
PPARα’s ability to dispose of hepatic FA, via mitochondrial β-
oxidation, is another important mechanism through which
PPARα deficiency exacerbates ALD, and that this pathway
may be a significant contributor to the development of
steatohepatitis.

With the establishment of Ppara−/− mice as a model of severe
ALD, this transgenic mouse has been further used to study the
pathogenesis of ALD. The importance of oxidative stress in ALD
was highlighted in alcohol consuming Ppara−/− mice treated with
the antioxidant polyenephosphatidylcholine (PPC) (Okiyama
et al., 2009). This study showed that PPC treatment
ameliorated severe ALD in Ppara−/− mice, including reduced
markers of hepatocyte damage and death, inflammation, and
fibrosis; however, PPC treatment did not improve markers of
hepatic steatosis. The beneficial effect of PPC treatment was

linked to decreased expression of enzymes associated with the
generation of reactive oxygen species (i.e., CYP2E1), and
improved markers of hepatic oxidative stress. The link
between alcohol’s effects on PPARα and hepatic lipid
metabolism has also been further explored in Ppara−/− mice
(Li et al., 2014). Li et al. (2014) confirmed that alcohol
consumption is associated with a downregulation of PPARα
activity, decreased mitochondrial β-oxidation, and the
development of steatosis. The role of PPARα was emphasized
by the exacerbation of ALD in Ppara−/− mice, as evidenced by
increased markers of TG accumulation, inflammation, and
fibrosis. The authors of this study concluded that PPARα
played a protective role in ALD, that was primarily mediated
through enhanced mitochondrial function, including
mitochondrial β-oxidation.

As a regulator of mitochondrial β-oxidation, it is clear that
altered PPARα activity is an important factor in the pathogenesis
of alcohol-associated fatty liver, although it is equally clear that
PPARα deficiency exacerbates ALD through multiple
mechanisms in addition to impaired FA disposal (Nakajima
et al., 2004). In their paper, Nakajima and colleagues
highlighted that alcohol fed Pparα−/− mice showed many
pathogenic hallmarks of ethanol toxicity that mirror human
cases of advanced ALD (Nakajima et al., 2004). While data
from human ALD is limited, there is evidence of reduced
functional PPARα in the human liver, which may partly
explain why humans are more susceptible to ethanol-induced
liver toxicity than rodents (Tugwood et al., 1996; Hertz and Bar-
Tana, 1998; Palmer et al., 1998). Interestingly, although PPARα
agonism has shown to ameliorate ALD in rodent models (Fischer
et al., 2003; Nanji et al., 2004), this work has not thus far been
translated into humans, despite its potential as a novel
therapeutic in ALD (Li et al., 2014). Interestingly, while
targeting PPARα may have a beneficial effect in the liver,
there may be additional benefits to targeting PPARα in the
context of human ALD, including reduced ethanol
consumption (Barson et al., 2009; Blednov et al., 2015). In
closing, while genetic manipulation of PPARα provides key
evidence for the importance of FA oxidation in the
pathogenesis of ALD, the broad effects of this transcription
factor limit the interpretation of this data. To our knowledge,
genetic manipulation of other key factors involved in FA
oxidation have not been reported.

DE NOVO LIPOGENESIS

The process by which liver synthesizes FA from non-lipid
precursor molecules is called DNL. Catabolism of non-lipid
precursors such as glucose, and even ethanol, can generate
pyruvate to contribute to the TCA cycle, which is
subsequently converted to Acetyl CoA and used for the
synthesis of FAs (Siler et al., 1999; Yamashita et al., 2001;
Ameer et al., 2014; Charidemou et al., 2019). Key
transcriptional regulators of DNL include SREBP1c and
ChREBP (carbohydrate responsive element binding protein).
These transcription factors modulate the expression of key
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enzymes in the DNL pathway including Acc, Fasn, and Scd1
(Denechaud et al., 2008). As introduced above, it is thought that
upregulation of the DNL pathway is one of the contributors to the
development of hepatic steatosis in ALD. Indeed, the literature
includes reports of increased Srebp1c, Acc, Scd1, and Fasn
expression in the alcohol exposed liver (Foufelle and Ferre,
2002; Ntambi et al., 2002; You et al., 2002; MacDonald et al.,
2008; Huang et al., 2013; Lounis et al., 2016). As discussed below,
key insight into the role of altered DNL in ALD comes from
alcohol feeding studies in Srebp1c−/− and Scd1−/− mice.

Evidence From Srebp1c−/− Mice
As a transcriptional regulator of multiple key genes in the DNL
pathway, analysis of SREBP1c’s contribution to the pathogenesis
of ALD is important. Indeed, it has been shown that both acute
and chronic alcohol consumption can induce SREBP1c protein
and its transcript in mice/rodents (You et al., 2002; Yin et al.,
2007). Ji et al. (2006) used Srebp1c−/− mice to test the hypothesis
that ALD is dependent on SREBP1c. These authors performed
their study inWT and Srebp1c−/−mice on a C57BL/6 background
fed alcohol 4.4% (v/v) for 4 weeks by intragastric infusion.
Consistent with the hypothesized role of SREBP1c, Srebp1c−/−

mice were largely protected from ALD, including ameliorated
hepatomegaly, hepatic TG accumulation and inflammation.
Mechanistically, it was shown that while alcohol consumption
induced markers of hepatic DNL (e.g., ACC), this effect was
absent in alcohol fed Srebp1c−/− mice, leading to the conclusion
that the lipogenic pathway was not activated in these mice,
protecting them from hepatic lipid accumulation (Ji et al.,
2006). Mechanistically, the authors linked the alcohol
associated induction of SREBP1c with endoplasmic reticulum
stress secondary to alcohol’s effect on homocysteine metabolism,
and showed that treatment with betaine, which prevents
homocysteine accumulation, prevented SREBP1c induction
and ALD (Ji et al., 2006).

Evidence From Scd1−/− Mice
SCD1 is a δ-9 FA desaturase which catalyses the formation of
monounsaturated fatty acids and is an important contributor to
hepatic DNL (Cohen et al., 2002). Several studies have shown that
SCD1 deficient mice are protected from the development of non-
alcoholic fatty liver disease (NAFLD) (Ntambi et al., 2002;
MacDonald et al., 2008). In the context of alcohol abuse, it
has been shown that both chronic and binge alcohol
consumption increases Scd1 expression in mice (Huang et al.,
2013; Zhang et al., 2015). These observations lead to the
hypothesis that SCD1 deficiency might protect against ALD,
which was tested by Lounis et al. (2016). These authors
compared WT and Scd1−/− mice using the chronic-binge
model of ALD, which consists of mice consuming LDeC diets
with 5% (v/v) alcohol for 10 days, followed by a single binge dose
of alcohol (5 g/kg body weight) (Bertola et al., 2013). Strikingly,
alcohol-fed Scd1−/− mice were strongly protected against ALD in
comparison to their WT controls. This phenotype included a
normalization of hepatic lipid TG levels in alcohol-fed Scd1−/−,
normalized serum liver enzymes (AST and ALT), and decreased
markers of hepatic inflammation. Mechanistically, the authors

showed a strong induction of the DNL pathway in alcohol-fed
WT mice, including increased expression of Srebp1c, Acc, Fasn,
and Scd1, which was normalized in Scd1−/− mice, leading to the
conclusion that SCD1 deficiency prevented the upregulation of
the DNL pathway and prevented ALD. Interestingly, while
alcohol consumption was associated with decreased Pparα and
Cpt1a expression in WT mice, baseline levels of these genes in
Scd1−/− mice were elevated and unaffected by alcohol
consumption, suggesting that genotype-specific effects on
mitochondrial β-oxidation may have also contributed to the
protective effect of SCD1 deficiency. Mechanistically, increased
mitochondrial β-oxidation may also protect SCD1 deficient mice
from NAFLD (Ntambi et al., 2002). Taken together, analysis of
alcohol consuming Scd1−/− mice provides compelling evidence
for the involvement of the DNL pathway in the pathogenesis
of ALD.

Taken together, there is strong evidence from Srebp1c−/− and
Scd1−/− mice supporting a role for increased DNL as a significant
contributor to hepatic lipid accumulation in ALD. Interestingly,
as discussed above the DNL pathway can also be modulated
through ChREBP, which links hepatic carbohydrate and lipid
metabolism, and it has been repeatedly shown that alcohol can
also induce ChREBP (Wada et al., 2008; Liangpunsakul et al.,
2013; Marmier et al., 2015; Gao et al., 2016; Zhang et al., 2017;
Xue et al., 2021). Thus, while there is clear evidence that alcohol
induced activation of DNL via SREBP1c contributes to ALD, a
role for ChREBP is also likely, although to our knowledge
Chrebp−/− mice have not been studied in the context of ALD.

TRIGLYCERIDE METABOLISM AND LIPID
DROPLET FORMATION

TGs are the major type of neutral lipid that accumulates in the
cytosolic lipid droplets of the steatotic liver in ALD (Carr and
Ahima, 2016; Jeon and Carr, 2020). This section describes insight
gained from transgenic mice targeting different aspects of TG
metabolism in the context of ALD, including the transcriptional
regulation of hepatic lipogenesis and TG synthesis by peroxisome
proliferator-activated receptor gamma (PPARγ), TG synthesis by
DGAT1, TG hydrolysis by CES1, and lipid droplet homeostasis
by PLIN2. The phenotypes described below emphasize the
important insight that can be gained into the pathogenesis of
ALD through the study of transgenic mouse models.

Evidence From Pparγ Transgenic Mice
PPARγ belongs to the Type II nuclear hormone receptor
superfamily and has pleiotropic effects on hepatic lipid
metabolism (Tomita et al., 2004; Pettinelli and Videla, 2011;
Zhang et al., 2016). Elevation of hepatic PPARγ expression is a
common feature of steatosis in ALD and NAFLD (Schadinger
et al., 2005; Pettinelli and Videla, 2011; Yu et al., 2016). Whereas it
has also been shown that PPARγ agonists can alleviate liver
damage in ALD (Enomoto et al., 2003; Tomita et al., 2004). These
studies highlight an important role for hepatic PPARγ signaling
in ALD. While whole body deletion of Pparγ is embryonic lethal
(Barak et al., 1999), the role of PPARγ in ALD has been studied in
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mice using hepatocyte specific PPARγ knock-down (PPARγΔ-
Hep) (Zhang et al., 2016). Zhang et al. (2016) generated PPARγΔ-
Hep mice by crossing Albumin-Cre transgenic mice and
PPARγflox/flox mice, and experimentally these mice were
provided with LDeC diets containing 5.6% (v/v) alcohol for
8 weeks. In agreement with a role for PPARγ signaling in
ALD, PPARγΔ-Hep mice were protected from alcohol-induced
hepatic steatosis, with a blunted increase in liver TGs in alcohol
fed mice. Follow-up studies suggest that this effect was primarily
driven by effects on hepatic lipogenesis, with no evidence to
support a modulatory effect on FA uptake and oxidation, or
VLDL secretion. Regarding DNL, the alcohol-associated
induction of SREBP1c and Fasn was blunted in PPARγΔ-Hep
mice, although surprisingly Acc induction was unaffected.
Regarding TG synthesis, alcohol’s ability to induce both Dgat1
and Dgat2 was abolished in PPARγΔ-Hep mice. These data were
interpreted to suggest that PPARγ signaling is an important
contributor to ALD, which is associated with its ability to
promote hepatic lipid accumulation primarily through its
effects on DNL and TG synthesis (Zhang et al., 2016).

Evidence From Dgat1−/− Mice
DGAT1 and DGAT2 catalyze the final step in TG synthesis and
both can have a role in hepatic TG accumulation and steatosis.
Studies of partitioning in hepatic TG synthesis suggest that
DGAT1 has a substrate preference for exogenous FAs, whereas
DGAT2 prefers endogenous FAs produced by DNL (Clugston
et al., 2014; Li et al., 2015a). In the context of ALD, both Dgat1
and Dgat2 have been shown to be induced in the alcohol-exposed
liver leading to hepatic steatosis (Wang et al., 2010; Clugston
et al., 2011; Clugston et al., 2014; Zhang et al., 2016). In order to
test the hypothesis that DGAT1 contributes to ALD, Huang et al.
(2018) conducted a series of alcohol feeding studies in Dgat1−/−

mice on a C57BL/6 background. These authors provided
experimental mice with 5.1% (v/v) alcohol containing LDeC
diets for 6 weeks, uniquely using both the high-fat/low
carbohydrate formulation of the LDeC diets, and the low-fat/
high-carbohydrate formulation. Interestingly, this study revealed
that DGAT1 deficiency protects against the development of
alcoholic steatosis in mice when alcohol was provided with a
high-fat/low carbohydrate, but not low-fat/high-carbohydrate
diet, as evidenced by hepatic Oil Red O staining and
biochemical measurement of hepatic TGs. This observation led
to the conclusion that DGAT1 mediates hepatic steatosis in the
context of a high-fat/low carbohydrate diet, presumably coupling
with increased exogenous FA supply to the liver, whereas in the
context of a low-fat/high-carbohydrate diet that favors DNL,
DGAT2 predominates. As discussed above, these differential
roles of DGAT1 and DGAT2 are consistent with the existing
data (Clugston et al., 2014; Li et al., 2015b; Huang et al., 2018).
While this study supports the importance of TG synthesis by
DGAT1 in ALD, studies into Dgat2 transgenic mice are limited
because Dgat2−/− mice are not viable (Stone et al., 2004).

Evidence From Ces1−/− Mice
DGAT1 and DGAT2 are the two enzymes responsible for TG
synthesis in the liver, yet there are numerous enzymes that

hydrolyse TGs in this organ that have specific physiological
functions (Gilham and Lehner, 2004). One such TG hydrolase
is Carboxylesterase 1 (CES1), which is a serine esterase that is able
to hydrolyze TGs and cholesteryl esters (Quiroga et al., 2012; Xu
et al., 2014). There are limited studies on the differential
expression of CES1 in ALD, although its expression has been
reported to be reduced in alcohol-associated steatohepatitis, and
in alcohol consuming mice (Xu et al., 2016). Based on this
observation, Xu et al. (2016) tested whether CES1 has a role in
the pathogenesis of ALD, showing that Ces1−/− mice have
worsened ALD. Using Ces1−/− mice on a C57BL/6J
background, experimental animals were fed 5% (v/v) alcohol
containing LDeC diet for 10 days followed by an ethanol binge
(3 g/kg body weight). Ces1−/− mice were reported to have
worsened liver damage and hepatic inflammation in response
to alcohol feeding, including elevated liver enzymes, increased
expression of inflammatory genes, worsened markers of oxidative
stress, and mitochondrial dysfunction. While the authors
reported increased hepatic free FA levels in alcohol consuming
Ces1−/− mice, TG levels were not different, which the authors
attributed to possible differences in intestinal alcohol metabolism
or absorption. To circumvent this limitation the authors did show
increased TG accumulation in alcohol fed mice with hepatic
knockdown of Ces1, which was linked with increased markers of
DNL (Xu et al., 2016). While we have framed these results in the
context of TGmetabolism, it is important to recognize that loss of
CES1 may directly impact hepatic acetaldehyde metabolism, with
resultant effects on oxidative stress and metabolism (Xu et al.,
2016). Taken together, hepatic CES1 has a protective role in
alcohol induced hepatic steatosis and its deficiency worsens
hepatic steatosis by inducing DNL and liver injury in ALD.

Evidence From Plin2−/− Mice
LDs are enveloped by a phospholipid monolayer associated with
LD proteins, in the liver the most abundant LD associated protein
is Perilipin 2 (PLIN2) (Itabe et al., 2017). Moreover, it has been
shown that PLIN2 expression levels are increased in mice and rat
models of ALD (Mak et al., 2008; Straub et al., 2008; Orlicky et al.,
2011), and is thought to be a marker of hepatic steatosis
development (Carr et al., 2014). Carr et al. (2014) studied
Plin2−/− mice to test the hypothesis that PLIN2 deficiency
would prevent hepatic lipid accumulation in alcohol
consuming mice. Using LDeC liquid diets with up to 2.7% (v/
v) of alcohol for 6 weeks, this group revealed that PLIN2
deficiency protects against the development of alcohol
associated steatosis (Carr et al., 2014). Similar to WT control
and Plin2 −/− control mice, alcohol fed Plin2 −/− mice showed no
histologic evidence of alcoholic steatosis, and hepatic TG levels
were not elevated by alcohol consumption. Ceramides derived
from the sphingomyelin from LD membranes are known to be
elevated in ALD (Liangpunsakul et al., 2010; Longato et al., 2012),
and a temporal relationship with PLIN2 upregulation and
ceramide accumulation has been reported in ALD (Carr et al.,
2013). While alcohol feeding increased C22 and C24 species of
ceramide inWTmice, this effect is blunted in alcohol fed Plin2 −/−

mice, indicating that PLIN2 also has a role in alcohol induced
hepatic ceramide accumulation. Interestingly, PLIN2 deficiency
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had a beneficial effect on insulin sensitivity, suggesting that loss of
PLIN2 was able to protect against ALD-associated hepatic insulin
resistance, an effect that may be secondary to impaired hepatic
lipid accumulation in these mice.

Taken together and consistent with alcohol’s diverse effects on
hepatic lipid metabolism and the central importance of TG
metabolism in the development of steatosis, these studies
reveal critical regulators of hepatic lipid accumulation in ALD.
This includes the protective effect of deficient lipogenic signaling
(Ppara−/− mice), TG synthesis (Dgat1−/−), and lipid droplet
formation (Plin2−/−) in ALD, as well as the worsening effect of
impaired TG hydrolysis (Ces1−/−).

CONCLUDING REMARKS

Transgenic mouse models of ALD can help elucidate the
mechanisms by which alcohol consumption contributes to
alcohol associated fatty liver. It is widely acknowledged that
alcohol has multiple effects on hepatic lipid metabolism
(Figure 1), and through the use of transgenic mouse models
we can identify specific key regulators associated with different
lipid metabolic pathways that contribute to hepatic lipid
accumulation in ALD (summarized in Figure 2; Table 1). As
reviewed herein, gene knock outs in hepatic FA uptake (Cd36−/−),
DNL (Srebp1c−/− and Scd1−/−), and TG metabolism (Pparγ−/−,
Dgat1−/−, and Plin2−/−) protect against ALD, whereas gene
knocks out in mitochondrial β-oxidation (Ppara−/−) and TG
hydrolysis (Ces1−/−) exacerbate ALD. Interestingly, although it
is accepted that alcohol abuse impacts multiple aspects of hepatic

lipid accumulation causing steatosis, the relative importance of
these different pathways is unclear. Others have speculated that
impaired mitochondrial β-oxidation is the most significant
contributor to alcohol associated steatosis (Jeon and Carr
2020; Hyun et al., 2021). While there is strong evidence to
support this conclusion, the current review shows that genetic
ablation of key components in other metabolic pathways is
sufficient to ameliorate ALD independently of mitochondrial
β-oxidation. Further study is required to understand the
relative contribution of different lipid metabolic pathways to
the development of alcohol associated steatosis. It is
encouraging that genetic ablation of single genes in different
metabolic pathways can ameliorate hepatic lipid accumulation in
ALD, as this broadens the potential therapeutic targets to treat
ALD in its early stages.

Limitations of Transgenic Mouse Models
While transgenic mouse models are a powerful tool to study ALD,
there are inherent weaknesses in their application and gaps in our
knowledge remain. At the level of experimental design, it is
important to acknowledge that all of the studies reviewed in
this manuscript that report sex, only use male mice (Table 1). The
clinical presentation of ALD is different in men and women, thus
it is incumbent upon the research community to include female
mice in their study of ALD pathogenesis (Han et al., 2021).
Another important aspect of experimental design is the choice of
alcohol feeding protocol. The majority of studies reviewed here
utilize LDeC liquid diets, with variations in duration and the
amount of alcohol (Table 1). These models consistently produce
hepatic lipid accumulation in response to alcohol, although it is
acknowledged that they are limited in their ability to produce
severe ALD [e.g., steatohepatitis and fibrosis (Bertola et al.,
2013)]. Interestingly, the macronutrient composition of the
LDeC liquid diets may have an impact on the predominant
pathways leading to hepatic lipid accumulation, with
differences dependent on whether FAs are produced
endogenously (e.g., via DNL), or exogenously (e.g., via FA
uptake), representing an important consideration when
designing studies and translating their results (Li et al., 2015a;
Huang et al., 2018). Perhaps one of the most significant
limitations in the majority of studies included in this
manuscript are the use of global knockouts of genes of
interest. While these studies are focused on hepatic lipid
metabolism, it should be acknowledged that whole body
ablation of specific genes may effect whole body lipid
metabolism that might also indirectly impact hepatic lipid
metabolism. The use of liver specific knockouts would address
this limitation and has the added advantage of circumventing
embryonic lethality of specific gene knockouts. For example,
Zhang et al. (2016) used liver specific ablation of Pparγ to
circumvent the lethality of global knockout of this gene. This
approach could be used to further study alcohol’s effects on
hepatic lipid metabolism, for example while Dgat2−/− mice are
not viable, a liver specific knockout has been described that could
be used to dissect the role of this TG synthesizing enzyme in ALD
(Stone et al., 2004; Gluchowski et al., 2019). Finally, while
transgenic mouse models are a powerful tool to study ALD

FIGURE 2 | Pathogenesis of alcohol-associated fatty liver: lessons from
transgenic mice. Genetic deletion of key genes in lipid metabolic pathways of
the liver reveal their contribution to the pathogenesis of ALD. The following
pathway-associated genes were found to be important contributors to
ALD, including Cd36 (hepatic FA uptake), Pparα (mitochondrial β-oxidation),
De novo lipogenesis (Srebp1c, Scd1, and Pparγ), and triglyceride metabolism
and lipid droplet formation (Ces1,Dgat1, Plin2, and Pparγ). Genetic deletion of
genes shown in yellow alleviate the effects of alcohol, and genetic deletion of
genes shown in blue worsen the effects of alcohol. Image created with
BioRender.com.
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pathogenesis, there is an obvious need to translate these studies
into humans if a clinical benefit is to be realized. While limited
human data is available, there are clear parallels between the effect
of alcohol on the mouse and human liver. Indeed, similar to the
data generated from mice there are human studies implicating
alcohol-induced changes in hepatic FA uptake, mitochondrial β-
oxidation, and DNL (Blomstrand et al., 1973; Siler et al., 1999;
Rachakonda et al., 2014). Nevertheless, data on molecular
mediators of these effects in humans is limited, validating the
use of rodent models to gain detailed insight into ALD
pathogenesis.

Knowledge Gaps and Future Directions
While the limitations discussed above are important
considerations in our interpretation of transgenic mouse data
and their potential translation, we also have to acknowledge that
significant gaps remain in our understanding of alcohol’s effects
on hepatic lipid metabolism that could benefit from genetic
dissection. As indicated above, each of the major lipid
metabolic pathways could be further probed using transgenic
mice. For example, given the apparent interaction between CD36
deficiency and DNL (Clugston et al., 2014; Zeng et al., 2022),
studies in FATP2 or 5 deficient mice may help better understand
the importance of FA uptake in the pathogenesis of ALD.
Similarly, genetic targeting of a critical regulator of
mitochondria β-oxidation (e.g., Cpt1a) would directly probe
this pathway separate from the broad effects of Ppara−/− mice.
Use of Srebp1c−/− and Scd1−/− mice have provided good coverage
of the DNL pathway, but there is also an opportunity to study
Chrebp−/− mice to better understand alcohol’s effect on this

regulator of DNL. Moreover, the effect of alcohol on VLDL
secretion has been neglected. While genetic targets exist to
study this pathway (e.g., ApoB or Mttp) alcohol feeding studies
have not been conducted in transgenic mice targeting these genes.

Conclusion
Transgenic mouse models have been effectively used to study
ALD and understand its molecular pathogenesis; however, as
discussed above, there is significant opportunity to leverage
genetically engineered mouse models targeting different
pathways of hepatic lipid accumulation that will provide
further insight into ALD. Ultimately, there is consensus in the
field that further study of alcohol’s effect on hepatic lipid
metabolism is warranted to guide the development of much
needed treatments for ALD (Jeon and Carr, 2020; Hyun et al.,
2021).
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Both caffeine and Capsicum
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Using a combination of respiratory gas exchange, infrared thermography, and

blood glucose (BGL) analysis, we have investigated the impact of Capsicum

annuum (C. annuum) fruit powder (475 mg) or caffeine (100 mg) on metabolic

activity in a placebo controlled (lactose, 100 mg) double-blinded three-way

cross-over-design experiment. Metabolic measurements were made on day

1 and day 7 of supplementation in eight adult male participants (22.2 ± 2 years of

age, BMI 23 ± 2 kg/m2, x�± SD). Participants arrived fasted overnight and were

fed a high carbohydrate meal (90 g glucose), raising BGL from fasting baseline

(4.4 ± 0.3 mmol/L) to peak BGL (8.5 ± 0.3 mmol/L) 45 min after the meal.

Participants consumed the supplement 45 min after themeal, and both caffeine

andC. annuum fruit powder restored BGL (F (8,178) = 2.2, p=0.02) to near fasting

levels within 15 min of supplementation compared to placebo (120 min). In

parallel both supplements increased energy expenditure (F (2, 21) = 175.6, p <
0.001) over the 120-min test period (caffeine = 50.74 ± 2 kcal/kg/min, C.

annuum fruit = 50.95 ± 1 kcal/kg/min, placebo = 29.34 ± 1 kcal/kg/min).

Both caffeine and C. annuum fruit powder increased supraclavicular fossa

temperature (F (2,42) = 32, p < 0.001) on both day 1 and day 7 of testing over

the 120-min test period. No statistical difference in core temperature or

reference point temperature, mean arterial pressure or heart rate was

observed due to supplementation nor was any statistical difference seen

between day 1 and day 7 of intervention. This is important for implementing

dietary ingredients as potential metabolism increasing supplements. Together

the results imply that through dietary supplements such as caffeine and C.

annuum, mechanisms for increasing metabolism can be potentially targeted to

improve metabolic homeostasis in people.
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Introduction

Brown adipose tissue (BAT) is activated rapidly in response

to cold exposure, and diet, coupled with the potential to improve

metabolic homeostasis in people with metabolic dysfunction

(Poher et al., 2015; Van Schaik et al., 2021a). BAT is a

specialised tissue that consumes energy, turning it into heat

through non-shivering thermogenesis (Cannon and

Nedergaard, 2004). BAT is a highly metabolically active tissue

that participates in glucose homeostasis (Matsushita et al., 2014)

and removes triglycerides from the blood (Bartelt et al., 2011;

Berbee et al., 2015; Khedoe et al., 2015). In humans, as amounts

of BAT decrease with age (Yoneshiro et al., 2011), changing the

rate of BAT activity, or inducing BAT recruitment may provide

considerable benefits for people with metabolic dysfunction. As

such, BAT has the potential to not only be therapeutic but also a

preventive mediator in lifestyle-related diseases, particularly

diabetes mellitus, due to BAT activation improving whole-

body glucose homeostasis and insulin sensitivity in humans

(Chondronikola et al., 2014). Previous studies have shown

cold acclimation increases BAT mass and BAT thermogenesis

by modulating and improving insulin sensitivity in healthy

humans (1 month acclimation at 19°C) (Lee et al., 2014) or

patients with type 2 diabetes mellitus (10 days at 14–15°C)

(Hanssen et al., 2015). These effects could possibly be

achieved through dietary ingredients, as it has been shown

that diet can stimulate BAT activity (Hibi et al., 2016; Saito

et al., 2020), but the extent to which individual nutrients can have

comparable effects is not well established.

Caffeine is the psycho-stimulant component of coffee, and

other beverages (Smith, 2002). Caffeine increases thermogenesis

in both rodents, and humans (Velickovic et al., 2019; Van Schaik

et al., 2021b). However, the dose of caffeine is important, as large

doses (≥410 mg) are known to have significant adverse effects on

heart rate, blood pressure and be anxiogenic in humans

(Noordzij et al., 2005; Vilarim et al., 2011). Conversely, acute

single doses comparable to a standard cup of coffee in humans

(~100 mg), increases interscapular BAT temperature without an

adverse cardio dynamic effect in male rats (Van Schaik et al.,

2021b). A single ingestion of a caffeine capsule (~375 mg, >
3 cups of coffee) increases the thermogenic activity of BAT in

healthy young men and increases energy expenditure in those

with only in those who already have high BATmass compared to

those with low BAT mass (Pérez et al., 2021). Glucose

homeostasis is altered by acute caffeine ingestion (5 mg/kg)

following 2 weeks of daily caffeine consumption in non-

caffeine consuming males (Dekker et al., 2007). However,

coffee consumption alone is unlikely to elicit significant

weight loss in humans due to caffeine-induced lipolysis and

catecholamine responses habituation with regular use (Dekker

et al., 2007). Together, this suggests that caffeine may not be an

anti-obesity therapeutic, but its long-term effect on BAT activity

and glucose homeostasis may have considerable benefits for

people with metabolic dysfunction. The effects of extensive

caffeine use over several days on human BAT activity has not

previously been reported.

Red peppers and Capsicum annuum (C. annuum) fruit are

used as spices throughout the world. The major pungent

principle of red pepper and C. annuum fruit is capsaicin

(Saito and Yoneshiro, 2013), which has been reported to

elevate body temperature in humans (Hachiya et al., 2007)

and stimulate the secretion of catecholamines in rats

(Watanabe et al., 1987). Capsaicin or capsinoids activate BAT

thermogenesis in BAT positive humans (individuals with active

BAT), as measured by [18F] fluorodeoxyglucose positron

emission tomography-computed tomography (18F-FDG PET/

CT) imaging (Sun et al., 2018). Capsaicin activates transient

potential receptor vanilloid 1 (TRPV1), which results in increases

in adrenaline secretion (Iwasaki et al., 2008) and energy

expenditure (Yoneshiro et al., 2012), while potentiating

decreases in body fat in humans (Snitker et al., 2008). In

mice, TRPV1 channels attenuate diet induced obesity and

insulin resistance (Lee et al., 2015), and TRPV1 activation

counters diet induced obesity through BAT activation

(Baskaran et al., 2017). Furthermore, dietary capsaicin induces

browning of white adipose tissue by activating TRPV1 channels

(Baskaran et al., 2016; El Hadi et al., 2019). Prolonged ingestion

of capsinoids for 6 weeks increases BAT vascular density and

resting energy expenditure in healthy adults (Fuse et al., 2020).

Capsaicin and its analog capsinoids, are representative

TRPV1 agonists, and as such decrease body fat through the

activation and recruitment of BAT, mimicking the effects of cold

induced thermogenesis (Saito, 2015). While capsinoids/capsaicin

activate BAT, the 18F-FDG PET/CT technique does not quantify

the extent of thermogenesis or measure acute uptake of free fatty

acids as a substrate for heat production. Infra-red thermography

(IRT) is an alternative non-invasive imaging technique (Law

et al., 2018; Brasil et al., 2020), employing the heat emitting

properties of BAT and the superficial position of the

supraclavicular human BAT depot. Several research groups

have utilised IRT to show a specific rise in temperature in the

supraclavicular fossa (Tscf), after cold stimulus and caffeine

treatment (Lee et al., 2011; Symonds et al., 2012; Salem et al.,

2016; Velickovic et al., 2019; Pérez et al., 2021).

We have shown in rodents that acute central and systemic

administration of stimulatory, but non-anxiogenic doses of
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caffeine activates key hypothalamic nuclei involved in the

regulation of BAT and increases interscapular BAT

temperature (Van Schaik et al., 2021b). Although acute

consumption of coffee increases supraclavicular temperatures

in adult humans (Velickovic et al., 2019; Pérez et al., 2021), there

is a gap in the understanding of the effect of longer periods of

caffeine ingestion (>1 day) on BAT thermogenesis, energy

expenditure, and plasma glucose levels. Both caffeine and C.

annuum in isolation have previously been shown to activate BAT

(Yoneshiro et al., 2012; Velickovic et al., 2019), increase energy

expenditure (Yoneshiro et al., 2012; Pérez et al., 2021) and

improve glucose handling (Dekker et al., 2007; Chaiyasit et al.,

2009), but not all in one study. Therefore, C. annuumwill be used

as a positive control. The primary aim of this study is to test

whether longer periods of caffeine ingestion activates BAT

thermogenesis, increases energy expenditure, lowers

respiratory exchange ratio (RER), and lowers plasma glucose

levels following a carbohydrate load. A secondary aim of this

study is to test the effects of longer periods of caffeine ingestion

on sympathetic activity (heart rate and heart rate variability), blood

pressure, fat oxidation, and carbohydrate oxidation. Measuring

these outcome variables together in the one study is important as it

will enable a more holistic physiological assessment of responses to

the supplementation. We hypothesise that caffeine ingestion will

increase BAT temperature, energy expenditure, and lower blood

glucose levels both acutely and on day seven following daily

supplementation.

Research design and methods

The study design and protocol were approved by the

University Human Ethics Committee (HEC 19032). Using data

published in Acheson (Acheson et al., 2004) the predicated

Cohen’s d for difference in carbohydrate metabolism between

placebo and caffeine in humans is 0.91. Power analysis using a

repeated measure model to determine interaction effect (GPower

3.1.7) predicts that a sample size of eight subjects would allow the

study to have 84% power to detect an effect size >0.5 between the

supplement and control trials (p < 0.05).

Participants

Eight lean healthy adult male participants aged 18–28 years

who could ingest capsules as well as present themselves for six

data collection sessions at the University laboratory were

recruited to participate in this study (Table 1). Females were

excluded from this study as underlying fluctuations due to

menstrual cycles prevent accurate evaluation of their energy

expenditure changes using the experimental procedures

(Sievers et al., 2019). All participants were screened for health

status. Exclusion criteria included diabetes mellitus, participants

taking any prescription medication, a body mass index (BMI)

of >30 kg/m2, and an inability to tolerate or experience potential

adverse effects from coffee or caffeine containing products.

Study design

This randomized, double-blind, placebo, and positive-

controlled crossover study was designed to compare the

physiological effects of caffeine and C. annuum fruit in

healthy adult males. The participants were randomly allocated

to an intervention sequence via a random number generator by a

researcher not involved in data collection. The investigators were

blinded to conditions until completion of all data collection and

analysis. All experiments were conducted under thermoneutral

conditions (22°C) (van Marken Lichtenbelt et al., 2009; Iwen

et al., 2017). The participants received either caffeine (100 mg/

day, No Doze, Key Pharmaceuticals) (Velickovic et al., 2019; Van

Schaik et al., 2021b), placebo (lactose, Ajax Chemicals), or

capsicum positive control [475 mg of C. annuum fruit powder

(capsaicin = 2.375 mg), Nature’s Sunshine] (Lejeune et al., 2003;

Johnson, 2007) capsules daily for 7-days each. Each of the

interventions are non-prescription supplements and used at

the manufacturer’s specifications. To blind the participants

and researchers to the supplements being ingested, all

supplements were repackaged into generic capsules in advance

and the capsules were placed in sealed envelopes by an

investigator not involved in the data collection. The

experimental protocol consisted of three trials (Figure 1), with

each trial lasting for 7 days, with a washout period of 7 days

between trials (5 weeks in total). Prior to Trial 1, participants

were required to water fast for 11 h prior to testing and not

perform any vigorous exercise within 24-h before testing.

Additionally, participants were asked to abstain from caffeine

and caffeinated products for the duration of the experiment. On

Day 1 and Day 7 of each trial participants were asked to attend

the laboratory water fasted. Participants arrived at the lab at

8 a.m., to control for daily hormone rhythms. Participants’ height

and weight were measured on each day of testing. At each

laboratory visit, cardiovascular parameters, IRT, indirect

calorimetry, blood glucose, and core temperature were

measured every 15-min over a 120-min period. After baseline

TABLE 1 Participant demographics.

All participants

n 8

Age, y 22 ± 2

Height, cm 176 ± 5

Weight, kg 74 ± 8

BMI, kg/m2 23 ± 2

Body fat, % 20 ± 8

Values are means ± SD unless otherwise indicated.

Frontiers in Physiology frontiersin.org03

Van Schaik et al. 10.3389/fphys.2022.870154

105

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2022.870154


measurements, participants were carbohydrate loaded through

consumption of three carbohydrate gels (90 g glucose, Winners

Sports Nutrition). In addition, before or after one of the

scheduled testing sessions each participant was required to

undergo a dual-energy X-ray absorptiometry (DXA; Hologic

Horizon, Hologic Inc., Bedford, MA, United States) scan to

measure fat mass. Participants filled out food and exercise

diaries during the testing protocol. The participants were

instructed to maintain their usual dietary intake, and physical

activity during the experimental period. On non-testing days,

FIGURE 1
Flow chart schematic of the study design. Experimental process (A); Cross over design (B). Blood glucose levels (BGL), blood pressure (BP), and
heart rate (HR). Black square = time of carbohydrate load, Black circle = time of intervention, Group A=Caffeine powder supplementation, Group B=
C. annuum fruit powder supplementation, and Group C = placebo supplementation. Washout period was a minimum of 7 days.
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participants were instructed to consume the supplements in the

morning at 9 a.m.

Indirect calorimetry

Substrate utilization and energy expenditure were estimated

from expired gas, measured using a ParvoMedics TrueOne

2400 respiratory gas analyser (ParvoMedics Inc., East Sandy,

UT, United States). Upon arrival at the laboratory, participants

rested quietly on a plinth in the supine position for at least 30-

min. Expired O2 and CO2 was sampled with 5 s averaging over a

15 min period, energy expenditure, and respiratory exchange

ratio were calculated and averaged over the stable final 10 min of

this period. Following baseline measurements expired O2 and

CO2 were sampled in 15 min intervals. Carbohydrate and lipid

oxidation rates and total energy expenditure were calculated

using the non-protein Weir equations (Cunningham, 1990;

Peronnet and Massicotte, 1991):

Fat oxidation rate(g/min−1
) � 1.695VO2 − 1.701VCO2

Carbohydrateoxidationrate(g/min−1
)�4.585VCO2−3.226VO2

Energy Expenditure (kcal/min) � 3.94 × VO2 + 1.1 × VCO2

Core temperature measurements

With participants supine and the head in a neutral position, a

non-contact infrared thermometer (Berrcom, JXB-178, Guangdong,

China; the stated measurement error of this device is ± 0.2°C) was

used to acquire body temperature measurements. Core temperature

was not directly measured due to COVID-19 safety restrictions; a

non-contact infrared thermometer was used as a measurement of

core temperature. The non-contact thermometer was positioned

consistently towards the centre of the participant’s forehead.

Plasma blood glucose measurements

Blood samples were collected via finger (capillary) puncture

and blood glucose levels were determined using a glucometer

(Freestyle Optium Xceed, Abbott Diabetes Care, Alameda, SK,

Canada). Blood glucose readings were conducted after expired

gas measurements were completed.

Anthropometric measurements

On each testing day body mass was measured using

calibrated scales (Seca 813, Seca, Hamburg, Germany) and

followed by measurements of stature using a wall mounted

stadiometer (Seca 206, Seca, Hamburg, Germany). Body Mass

Index (BMI) was calculated as follows: body mass in kilograms

divided by the square of stature in meters (kg/m2). Body

composition (bone mineral density, fat mass, lean mass, total

mass, and total body fat percentage) was measured using DXA

analysis (Haarbo et al., 1991).

Cardiovascular measurements

Systolic and diastolic blood pressure (mmHg) as well as

heart rate (beats/min) were measured using an automated

sphygmomanometer (Omron SEM-2 advanced, Omron,

Kyoto, Japan) after expired gas measurements were

completed, and at a similar time (within 3 min) as blood

glucose measurements. Heart rate variability (HRV; square

milliseconds) was determined from continuous

electrocardiogram (ECG) recordings obtained from a five

lead ECG (Medilog AR12 plus; Schiller, Germany) as a

measure for central autonomic balance. Participants were

required to remove clothing above the waist to allow

placement of ECG electrodes (Ambu Blue Sensor R,

Malaysia). The recorded ECG was analyzed using Medilog

Darwin2 software (Professional; Schiller, Germany) and

HRV was determined in the spectral domain using Welch’s

method, a fast Fourier transform (FFT) width 128 overlap and a

5-min window size. Welch’s method and 128 overlap has been

shown to provide a smoothed spectral estimate with clearly

outlined peaks in low and high frequency bands (Malik, 1998).

The calculation includes low frequency bands (LF), high

frequency bands (HF), and the log LF/HF ratio as the log

LF/HF ratio conforms the data more readily to a normal

distribution.

Infrared thermography

Every 15-min, participants were asked to sit up in an upright

posture looking straight ahead with the chest area to neck region

exposed. A thermal imaging camera (FLIR E60, FLIR Systems

Australia, Melbourne, Australia) was used to acquire images of

the anterior neck and upper chest region. The camera was

positioned on a tripod at the level of the neck 1 m from the

subject’s face.

Data/statistical analysis

For analysis of the IRT, bilaterally, three regions of the

anterior thorax were chosen for analysis of surface

temperature, with the skin overlying BAT in the

supraclavicular fossa (SCF) and the lateral region of the neck,

with the sternal area considered as a control reference point

as this area does not contain BAT (van der Lans et al., 2014;
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El Hadi et al., 2016). Triangular regions of interest (ROI) were

placed in the left and right SCF areas, while a circular ROI was

placed over the sternal region. The mean temperature of these

ROIs was then extracted for further analysis (van der Lans et al.,

2014; El Hadi et al., 2016). The thermal images were analysed to

determine mean temperature (°C) using FLIR Research and

Development software (FLIR Systems Australia, Melbourne,

Australia).

All statistical analysis was conducted using PRISM

9 GraphPad software. Averages from the IRT, core

temperature, blood glucose, heart rate, and blood pressure

data were taken from the measured single time point.

Averages from the RER, fat oxidation, carbohydrate oxidation,

and energy expenditure were calculated in 10-min epochs.

Averages from HRV were calculated in 5-min epochs. Data

are expressed as mean ± SD. To assess if any differences at

baseline occurred in each measure in the intervention groups,

average baseline IRT temperatures, core temperature and

cardiovascular measures prior to supplementation were tested

using a one-way ANOVA, Welch’s correction. All averages from

outcome measurements are expressed as change from baseline

for each intervention group. All data were inspected for

normality which indicated parametric distribution,

furthermore the central limit theorem states that given

sufficient samples, sample distribution will be normal,

regardless of the underlying population distribution (Kwak

and Kim, 2017). The data values were analysed using repeated

measures 3-way analysis of variance (ANOVA; day × treatment ×

time). Each ANOVA assessed differences between treatments

(caffeine, capsaicin, and control), day (1 and 7), and time points.

For energy expenditure, we summed the rate of energy

expenditure for each group and separated it into pre

intervention and post intervention for both day 1 and day 7.

Data for each group were analysed using separate two-way

repeated measures ANOVA for each testing day (day 1 and

day 7). Each ANOVA assessed differences between treatments

(caffeine, C. annuum, and placebo) and time points (pre vs. post

intervention).

To assess if the order of treatment impacted on the study,

averages from the IRT, core temperature, blood glucose,

heart rate, heart rate variability, blood pressure, RER, fat

oxidation, carbohydrate oxidation, and energy expenditure

values were analysed in the same manner as the 3-way

ANOVA described above. However, rather than assessing

difference between treatments, day, and timepoints, each

ANOVA assessed differences between trial order, day and

timepoints (ANOVA; day × trial × time). If a significant

interaction or main effect was found, post hoc analysis was

conducted via a t-test between trials to determine where the

significance detected by the ANOVA occurred. For multiple

comparisons a Bonferroni correction was applied.

Values were considered to indicate statistical significance

if p < 0.05.

Results

Participant’s characteristics

A total of eight participants were included in this study. The

participants age, stature, mass, BMI, and body fat percentage can

be found in Table 1. Each participant’s baseline temperature,

blood glucose levels, and cardiovascular measures were recorded

and no significant differences in any blood glucose,

cardiovascular or temperature measures were detected (Tables

2, 3; p > 0.05, one-way AVOVA).

Caffeine and C. annuum effects on
substrate utilization and blood glucose
levels

A randomised crossover design administering caffeine, C.

annuum fruit powder, or placebo interventions to healthy male

participants were used to assess any potential differences between

acute effects and prolonged daily administration of the

interventions after a carbohydrate load on respiratory

exchange ratio (RER), substrate utilisation, and blood glucose

levels (Figure 1). As this is a crossover study it is important to test

if the order of treatment has any influence on the outcomes

reported. No effect on the order of treatment was observed in this

study (Supplementary Figures S1–S3).

For RER a significant interaction effect (F (9,198) = 2.8, p <
0.001, Figures 2A,B) was identified. Participants were given a

carbohydrate load and then an intervention 45 min later. The

caffeine intervention reduced RER from 60 to 105 min, while the

C. annuum fruit powder intervention lowered RER from 60 to

75 min compared to the placebo at day 1 (Figure 2A). Similar

results were seen after 7 days of intervention with the caffeine

intervention reducing RER from 60 to 105 min, while C. annuum

fruit powder improving in efficacy and lowering RER from 60 to

90 min. Reflecting the significant day interactions (F (9.4,198.5) =

2.8, p = 0.003, Figures 2A,B). The peak day 1 lowering of RER for

the caffeine treatment was 60 min after administration

(Figure 2A), peak day 7 lowering of RER for the caffeine

treatment was 30 min after administration (Figure 2B). The

peak day 1 lowering of RER for the C. annuum fruit powder

treatment was 30 min after administration (Figure 2A). Peak day

7 lowering of RER for C. annuum fruit powder treatment was

75 min after administration (Figure 2B).

For fat oxidation a significant interaction effect (F (10,229) =

8.9, p < 0.001, Figures 2C,D) was found. The caffeine intervention

increased levels of fat oxidation from 75 to 105 min, while the C.

annuum fruit powder intervention increased fat oxidation from

75 to 90 min compared to placebo. After 7 days of intervention

with caffeine levels of fat oxidation improved with increases

between 60 and 120 min, while C. annuum fruit powder

increased levels of fat oxidation between 75 min and 90 min
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compared to placebo (Figures 2C,D). The peak day 1 increase in

fat oxidation for the caffeine treatment was 60 min after

administration (Figure 2C), peak day 7 increase in fat

oxidation for the caffeine treatment was 45 min after

administration (Figure 2D). The peak day 1 increase in fat

oxidation for the C. annuum fruit powder treatment was

75 min after administration (Figure 2C). Peak day 7 increase

in fat oxidation for C. annuum fruit powder treatment was

60 min after administration (Figure 2D). No significant day

interaction effect was found for fat oxidation.

For carbohydrate oxidation a significant interaction effect (F

(8,174) = 7.1, p < 0.001, Figures 2E,F) was found. The caffeine

intervention lowered the rate of carbohydrate oxidation between

60 and 105 min, while the C. annuum fruit powder intervention

lowered the rate of carbohydrate oxidation between 105 and

120 min compared to placebo on day 1 (Figure 2E). Similar

results were seen after 7 days of intervention with the caffeine

intervention lowering the rate of carbohydrate oxidation between

60 and 105 min, whereas C. annum fruit powder lowered the rate

of carbohydrate oxidation between 60 and 75 min compared to

placebo on day 7 (Figure 2F). The peak day 1 lowering in

carbohydrate oxidation for the caffeine treatment was 75 min

after administration (Figure 2E), peak day 7 lowering in

carbohydrate oxidation for the caffeine treatment was 75 min

after administration (Figure 2F). The peak day 1 lowering of

carbohydrate oxidation for the C. annuum fruit powder

treatment was 75 min after administration (Figure 2E). Peak

day 7 increase in fat oxidation for C. annuum fruit powder

treatment was 75 min after administration (Figure 2F). No

significant day interaction effect was found for carbohydrate

oxidation.

For BGL a significant interaction effect (F (8,178) = 2.2, p =

0.02, Figures 2G,H) was found. Participants arrived fasted

overnight and were feed a high carbohydrate meal, raising

fasting BGL from baseline (4.4 ± 0.3 mmol/L) to peak BGL

(8.5 ± 0.3 mmol/L) 45 min after the meal. Participants

consumed the supplement at 45 min after the meal, and

both caffeine and C. annuum fruit powder lowered BGL

levels between 60 and 105 min compared to placebo on

day 1 and day 7 (Figures 2G,H). Both caffeine and C.

annuum fruit powder restored BGL to near fasting levels

within 15 min of supplementation compared to placebo

(120 min) on day 1 and day 7. No significant day

interaction effect was found for BGL.

Caffeine and C. annuum effects on total
energy expenditure

To assess whether caffeine or C. annuum fruit powder

increased energy expenditure independent of the carbohydrate

load we summed the rate of energy expenditure for each group

and separated it into pre intervention and post intervention for

both day 1 and day 7.

TABLE 2 Average baseline skin and core temperature measures.

Tscf (°C)
day 1

Tscf (°C)
day 7

Tcore (°C)
day 1

Tcore (°C)
day 7

Tref (°C)
day 1

Tref (°C)
day 7

Caffeine capsule 34.08 ± 0.1 34.03 ± 0.1 36.56 ± 0.3 36.45 ± 0.3 34.16 ± 0.2 34.15 ± 0.1

C. annuum fruit capsule 33.98 ± 0.1 33.09 ± 0.1 36.54 ± 0.3 36.40 ± 0.2 34.14 ± 0.1 34.14 ± 0.2

Placebo capsule 33.95 ± 0.1 33.95 ± 0.1 36.45 ± 0.3 36.20 ± 0.3 34.03 ± 0.1 34.08 ± 0.1

p value 0.12 0.11 0.76 0.13 0.29 0.57

Average baseline skin temperature measures prior to supplementation. Statistical testing (one-way ANOVA, Welch’s correction) indicates no significant difference (p value > 0.05) in base

line conditions prior to interventions. Values are means ± SD (n = 8 per intervention). Tscf, supraclavicular temperature; Tcore, core temperature; Tref, manubrium temperature.

TABLE 3 Average baseline for cardiovascular and blood glucose measures.

HR (BPM)
day 1

HR (BPM)
day 7

MAP (mmHg)
day 1

MAP (mmHg)
day 7

BGL (mmol/L)
day 1

BGL (mmol/L)
day 7

Caffeine capsule 63.25 ± 10.2 59.87 ± 7.4 85.26 ± 9.8 89.61 ± 9.5 4.25 ± 0.24 4.13 ± 0.32

C. annuum fruit capsule 58.12 ± 8.6 58.34 ± 6.9 89.8 ± 8.4 85.42 ± 3.6 4.53 ± 0.16 4.41 ± 0.28

Placebo capsule 66.13 ± 8.4 67.31 ± 8.6 88.53 ± 6.5 90.73 ± 6.1 4.42 ± 0.24 4.38 ± 0.18

p value 0.25 0.09 0.92 0.82 0.07 0.22

Average baseline for cardiovascular and blood glucose measures prior to supplementation. Statistical testing indicates no difference in baseline conditions prior to interventions. p value is

calculated using a one-way ANOVA, Welch’s correction, n = 8 per intervention. Values are means ± SD (n = 8 per intervention). HR, heart rate (beats per minute); MAP, mean arterial

pressure (millimetres of Mercury); BGL, blood glucose levels (millimole per litre).
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For day 1 energy expenditure, a significant interaction effect

(F (2, 21) = 175.6, p < 0.001, Figure 3A) was found. Post-hoc

analysis revealed that both caffeine (53.2 ± 1 kcal/kg/min) over

the 120 min intervention period and C. annuum fruit powder

(50.95 ± 1 kcal/kg/min over 120 min) significantly increased the

rate of energy expenditure compared to placebo (30.14 ±

FIGURE 2
Effects of interventions on metabolic measures. Respiratory exchange ratio (RER) (A) day 1 and (B) day 7. Fat oxidation rate (C) day 1 and (D) day
7, and carbohydrate oxidation rate (E) day 1, (F) day 7. Blood glucose levels (G) day 1, and (H) day 7. Filled black square, time of carbohydrate load; filled
black circle, time of intervention; blue circle, caffeine capsule; red square, C. annuum fruit powder capsule; black triangle, placebo capsule. Data is
expressed asmean ± SD, n = 8 per intervention, *represents caffeine interaction effect, ⊗ representsC. annuum fruit powder interaction effects
(*, ⊗ p < 0.05). Data values were analysed using repeated measures 3-way analysis of variance (ANOVA; day × treatment × time). Each ANOVA
assessed differences between treatments (caffeine,C. annuum fruit powder, control), day (1 and 7), and time points. If a significant interaction ormain
effect was found, post hoc analysis was conducted via a t-test between trials. For multiple comparisons a Bonferroni correction was applied.
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2 kcal/kg/min over 120 min). Similarly, for day 7, a significant

interaction effect (F (2, 21) = 98.84, p < 0.0001, Figure 3B) was

found. Post-hoc analysis revealed that caffeine (50.74 ± 2 kcal/kg/

min) and C. annuum fruit powder (50.95 ± 1 kcal/kg/min)

significantly increased the rate of energy expenditure

compared to placebo (29.34 ± 1 kcal/kg/min; Figures 3A,B).

No significant day interaction effect was found for energy

expenditure.

Caffeine and C. annuum effects on
temperature of the supraclavicular region

The supraclavicular region co-locates with BAT in humans

(van der Lans et al., 2014; El Hadi et al., 2016), so we utilised IRT

to assess whether caffeine or C. annuum fruit powder

supplementation increased Tscf. Triangular ROIs were placed

in the left and right SCF areas, while a circular ROI was placed

over the sternal region. IRT images from one participant visually

highlights changes in Tscf from baseline (Figure 4A), post

carbohydrate load (Figure 4B), and 60 min following caffeine

supplementation (Figure 4C). Changes in Tscf following caffeine

supplementation are particularly marked (compare

Figures 4B,C).

A significant interaction effect (F (2,42) = 32, p < 0.001, Figures

4D,E) and post-hoc analysis revealed a single capsule of caffeine

or C. annuum fruit powder consumed acutely on separate

occasions increased Tscf region co-locating with BAT in

humans (Figure 4D), and this effect was reproduced at the

end of the 7-days treatment period (Figure 4E). Caffeine

increased Tscf between 60 and 105 min, while C. annuum

fruit powder increased Tscf between 75 and 105 min

compared to placebo on day 1. For day 7, caffeine increased

Tscf between 60 and 120 min, and C. annuum fruit powder

increased Tscf between 60 and 105 min, with no change in

temperature for the placebo treatment. The peak day

1 increase in temperature for the caffeine treatment was

30 min after administration (Figure 4D), similarly peak day

7 increase in temperature for the caffeine treatment was

30 min after administration (Figure 4E). The peak day

1 increase in temperature for the C. annuum fruit powder

treatment was also 30 min after administration (Figure 4D).

Likewise, peak day 7 increase in temperature for C. annuum

fruit powder treatment was 30 min after administration

(Figure 4E). Neither caffeine or C. annuum fruit powder

treatment evoked changes in core temperature (F (2,42) = 0.5,

p = 0.5) for both day one and day seven testing (Figures 4F,G).

Additionally, there were no changes in temperature of the

manubrium (F (11,240) = 1, p = 0.2, Figures 4H,I) following

treatment of caffeine or C. annuum fruit powder on day one

and day seven testing. No significant day interaction effect was

found for Tscf, core, or manubrium.

Caffeine or C. annuum effects on
cardiovascular measures

To test whether the dose of caffeine and C. annuum fruit

powder affected cardiovascular responses, heart rate (HR), mean

arterial pressure (MAP), and heart rate variability (HRV) were

measured. Neither caffeine or C. annuum fruit powder changed

HR compared to placebo over time on either day 1 or day

7 testing (F (10,222) = 0.6, p = 0.7, Figures 5A,B). Similarly,

caffeine and C. annuum fruit powder had no effect on MAP

compared with placebo on both day 1 and day 7 testing (F

(12,268) = 0.8, p = 0.5, Figures 5C,D). No significant day interaction

effect was found for HR and MAP.

For HRV, a significant interaction effect was found (F (8,170) =

1.6, p = 0.04, Figures 5E,F). Caffeine treatment significantly

increased HRV compared to placebo on day 1 between

60 and 105 min. Similarly, caffeine increased HRV on day

FIGURE 3
Changes in whole-body energy expenditure in participants
between pre- and post-administration of interventions in a
120 min period. (A) day 1 and (B) day 7. Grey bar, placebo capsule;
blue bar, caffeine capsule; red bar, C. annuum fruit powder
capsule. Data is expressed as mean ± SD, n = 8 per intervention,
*represents interaction effect (*p < 0.05). Data values were
analysed using repeated measures 2-way analysis of variance
(ANOVA; pre × post). Each ANOVA assessed differences between
treatments (caffeine, C. annuum, and placebo) and time points
(pre vs. post intervention).
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FIGURE 4
Representative example of thermal images of the skin overlying the region of interest (ROI) located at the supraclavicular fossa (SCF) and sternal
(circular ROI) area in participants. (A) at baseline measurement, (B) 15 min post carbohydrate load and (C) at 90 min post intervention with caffeine
treatment. Changes in temperature (ΔT) of SCF, core andmanubrium in participants following a carbohydrate load (time = 0), and administration of a
caffeine capsule, C. annuum fruit powder capsule, or placebo capsule (time = 45) to 120 min. SCF temperature (D) day 1 and (E) day 7. Core
temperature (F) day 1 and (G) day 7, andmanubrium temperature (H) day 1, (I) day 7. Filled black square, time of carbohydrate load; filled black circle,
time of intervention; blue circle, caffeine capsule; red square, C. annuum fruit powder capsule; black triangle, placebo capsule. Error bars represent
S.D., n = 8 per intervention, *represents caffeine interaction effect, ⊗ represents C. annuum fruit powder interaction effects (*, ⊗ p < 0.05). The data
values were analysed using repeated measures 3-way analysis of variance (ANOVA; day × treatment × time). Each ANOVA assessed differences
between treatments (caffeine, C. annuum fruit powder, control), day (1 and 7), and time points. If a significant interaction or main effect was found,
post hoc analysis was conducted via a t-test between trials. For multiple comparisons a Bonferroni correction was applied. Values were considered
to indicate statistical significance if p < 0.05.
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7 between 60 and 105 min, Figures 5E,F). The peak day 1 increase

in HRV for the caffeine treatment was 30 min after

administration (Figure 5E), peak day 7 increase in HRV for

the caffeine treatment was 30 min after administration

(Figure 5F). No significant day interaction effect was found

for HRV.

Discussion

This study shows a physiologically significant effect of

caffeine and C. annuum fruit powder on BAT activation,

substrate utilisation, energy expenditure, and blood glucose

levels. Here we show that both caffeine (100 mg/day) and C.

annuum (475 mg/day) taken on separate occasions, lowers blood

glucose levels, increases fat oxidation, decreases carbohydrate

utilisation, increases total energy expenditure, lowers RER, and

increases Tscf after a carbohydrate load. Notably, these effects are

sustained in treatments continued over a period of 7 days. To our

knowledge this is the first-time measures of energy expenditure,

substrate utilisation, blood glucose, and BAT thermogenesis have

all together been significantly altered, and this effect has been

sustained for a prolonged period.

In this study, we measured thermogenesis as changes in

Tscf, a region co-locating with BAT in humans (El Hadi et al.,

2016). The increases in Tscf compared to the manubrium

FIGURE 5
Effects of interventions on cardiovascular measures of participants. The cardiovascular measures were made following a carbohydrate load
(time = 0), and administration of a caffeine capsule, C. annuum fruit powder capsule, or placebo capsule (time = 45) to 120 min. Changes (Δ) in heart
rate (A) day 1 and (B) day 7. Δ in mean arterial pressure (MAP) (C) day 1 and (D) day 7, and heart rate variability (HRV) (E) day 1, (F) day 7. Filled black
square = time of carbohydrate load, filled black circle = time of intervention, blue circle = caffeine capsule, red square = capsicum capsule, and
black triangle = placebo capsule. Error bars represent S.D., n = 8 per intervention, *represents caffeine interaction effect, ⊗ represents capsicum
interaction effects (*, ⊗ p < 0.05). The data values were analysed using repeated measures 3-way analysis of variance (ANOVA; day × treatment ×
time). Each ANOVA assessed differences between treatments (caffeine, C. annuum, control), day (1, 7), and time points. If a significant interaction or
main effect was found, post hoc analysis was conducted using Bonferroni’s test. Values were considered to indicate statistical significance if p < 0.05.
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reference point and core body temperature, combined with

the changes in RER, fat oxidation, and carbohydrate oxidation

is indicative of physiologically meaningful BAT

thermogenesis following both caffeine and C. annuum

supplementation. This is important as cold induced BAT

thermogenesis improves insulin sensitivity and whole-body

glucose homeostasis in healthy individuals (Chondronikola

et al., 2014) and those with type 2 diabetes (Hanssen et al.,

2015). These results combined with the blood glucose findings

suggest that caffeine supplementation through central and

peripheral mechanisms (Van Schaik et al., 2021a; Van Schaik

et al., 2021b) and C. annuum supplementation through

TRPV1 mediated mechanisms (Ahuja et al., 2006; Wang

et al., 2012; Saito and Yoneshiro, 2013; Baskaran et al.,

2016) may have the potential to target BAT to improve

insulin sensitivity in humans. The extent to which

individual dietary components can activate BAT in humans

is not clear. However, the significant results from this study

within 15-min following caffeine or C. annuum fruit

supplementation, may help in providing some clarity about

the mechanisms.

Results from this study show that a single caffeine capsule

(100 mg) consumed daily increases energy expenditure, Tscf,

lowers RER, and increases fat oxidation acutely and after 7 days

of supplementation. Pérez et al. (2021) show that in physically

active men a single caffeine capsule of 375 mg resulted in an acute

increase in energy expenditure 40-min after supplementation

and BAT activation (measured via IRT) after 30 min. Results

from Pérez et al. (2021) are similar to a previous study

(Yoneshiro et al., 2017) which observed an increase in energy

expenditure in participants following ingestion of a tea rich in

catechins (natural phenolic compounds found in green teas). Our

caffeine treatment results are comparable to Pérez et al. (2021) in

terms of change in Tscf, and energy expenditure, but importantly

we observe this effect for 7 days and at a lower, more tolerable

caffeine dose. However, Pérez et al. (2021) assessed the effects of

caffeine in physically active men (Pérez et al., 2021). It should be

noted that within our study, participants levels of physical

activity were collected through food and exercise diaries, and

participants were instructed to maintain regular levels of physical

activity, but physical activity was not a needed for inclusion in

this study. Given this, results from our study significantly build

upon those described by Pérez et al. (2021), as a key part of the

protocol is the carbohydrate loading of the participants, which

ensures carbohydrate metabolism prior to intervention. This was

not done in the Pérez et al. (2021) study. BAT thermogenesis

switches metabolism from carbohydrate to free fatty acid as

evidence by the decline in RER. Although the preferred

substrate for BAT thermogenesis is free fatty acids, substantial

uptake of glucose into active BAT is well known (Orava et al.,

2011; Ouellet et al., 2012; Chen et al., 2013). Thus, we observe

concomitant with BAT thermogenesis a fall in blood glucose

levels. Both the change in substrate utilization (RER) and the fall

in blood glucose levels would not be observable if the in a fasted

state.

Human studies investigating the thermogenic influence of

nutrients on BAT activity are limited. This may be due to the long

considered gold standard to assess BAT function, 18F-FDG PET/

CT (van Marken Lichtenbelt et al., 2009) that requires subjects to

be fasted. This is due to feeding induced increases in glucose

uptake by muscular tissue, which considerably limits the capacity

for this method to detect BAT and BAT function (Roman et al.,

2015). Additionally, this method alone cannot quantify the

physiological significance or amount of BAT activation.

Finally, due to the use of ionizing radiation in PET imaging

studies, repeat measure cross over designs are difficult to

administer. Our technique of carbohydrate loading subjects

prior to measuring BAT temperature and combining indirect

calorimetry, and blood glucose levels allows us to quantify the

physiological extent of thermogenesis and altered substrate

utilization, which would otherwise be masked during a fasted

state. Several research groups have utilised IRT to show a specific

rise in supraclavicular temperatures, after cold stimulus (Lee

et al., 2011; Symonds et al., 2012; Andersson et al., 2019). IRT has

the advantage of being able to measure BAT activation in real

time and can be used repeatedly in large numbers of healthy or

unhealthy subjects, irrespective of age or nutritional status. But

IRT of SCF alone is not a suitable measure for BAT activation, as

it is indirect, and subject to potential confounding factors such as

increased blood flow. Temperatures from other landmarks such

as the chest region and core temperature are required to

demonstrate any increase in Tscf being suggestive of BAT

activation (El Hadi et al., 2016; Andersson et al., 2019; Brasil

et al., 2020). We have, therefore, utilized a practical method to

detect changes in BAT activity, which can detect adjustments in

response to ingestion without requiring exposure to radiation.

Also, this technique correlates well with the uptake of 18F-FDG

following cold exposure (Law et al., 2018).

Our results indicate energy expenditure increases, RER

lowers, which coincides with fat oxidation increasing

following ingestion of C. annuum (capsaicin). A systematic

review and meta-analysis (Jang et al., 2020) examined the

effects of C. annuum supplementation on components of

metabolic syndrome. Metabolic syndrome is characterised

by hypertension, dyslipidemia, insulin resistance, and

abdominal obesity (McCracken et al., 2018). The meta-

analysis found C. annuum has a significant effect on LDL-

cholesterol and body weight, however the meta-analysis did

not show any significant effect of C. annuum on diastolic

blood pressure, and systolic blood pressure, and no significant

effect on glucose levels but the analysis showed considerable

heterogeneity between studies (Jang et al., 2020). Another

meta-analysis which has examined energy expenditure, fat

oxidation, and respiratory quotient (Zsiborás et al., 2018)

showed that following consumption of capsaicin energy

expenditure increased (245 kJ/day, 58.56 kcal/day) and the
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respiratory quotient decreased (by 0.216) indicating a rise in

fat oxidation. Furthermore, these metabolic effects of

capsaicin are significant in individuals with a BMI greater

than 25 kg/m2 (Zsiborás et al., 2018). Although our study only

looked at these measures in healthy individuals with a BMI

of <25 kg/m2, our results are consistent with the findings of

this meta-analysis (Figures 2, 3).

Results from this study show that caffeine but not C. annuum

fruit powder supplement significantly increases HRV (LF/HF

ratio) on both testing days. Heart rate variability is the fluctuation

in the time intervals between adjacent heartbeats (Ernst, 2017).

HRV is a measure of the balance between sympathetic and

parasympathetic autonomic drive to the heart (cardiac

autonomic activity) (Ernst, 2017). Frequency-domain

measurements estimate the distribution of absolute or relative

power into four frequency bands. Task Force of the European

Society of Cardiology the North American Society of Pacing

Electrophysiology (1996) divided heart rate fluctuations into

ultra-low-frequency, very-low-frequency, low-frequency

(LF), and high-frequency (HF) bands (1996). Essentially,

the closer the LF/HF ratio is to one the more sympathetic

tone there is, the closer the ratio is to zero the more

parasympathetic balance. Results from this study show an

increase in HRV (LF/HF ratio) and increased Tscf following

caffeine supplementation. This indicates caffeine is acting to

increase sympathetic nerve drive systemically in the body

(Van Schaik et al., 2021a). Previous rodent studies have

shown caffeine works through central mechanisms to

activate BAT thermogenesis (Van Schaik et al., 2021b).

Notwithstanding the increased sympathetic activity to the

heart, the doses of caffeine used in this study had no

measurable impact on either HR or MAP. We did not find

C. annuum to have any effect on HRV (LF/HF ratio). This

suggests that the C. annuum and caffeine are acting via

different pathways to evoke the observed increases in

energy expenditure, Tscf and blood glucose removal. We

observe that in participants at rest, the LF/HF ratio starts

off much lower than we might expect possibly due to

participants laying supine rather than sitting upright. This

could result in less sympathetic nerve drive required to

maintain MAP.

A key strength of this study is that we carbohydrate loaded

participants prior to supplementation. Previous studies have

used fasted individuals and seen no acute change in substrate

utilization, which is masked by the fasted state (Ohnuki et al.,

2001; Galgani et al., 2010). By carbohydrate loading the

participants we were able to see the oscillation of BGL in

response to both carbohydrate loading and supplement

intervention along with changes in substrate utilization.

Due to COVID-19 safety restrictions core temperature was

not measured invasively. As such a non-contact infrared

thermometer measuring forehead temperature was used to

measure core temperature. These thermometers are calibrated

to make clinical measures of fever (Teran et al., 2012).

Furthermore, participants in the study laid still at a

constant ambient temperature thermoneutral temperature

(22°C) (van Marken Lichtenbelt et al., 2009; Iwen et al.,

2017), minimising any artefacts due to increased/altered

skin blood flow. Evidence suggests that these non-contact

thermometers provide good precision in measuring body

temperature (Teran et al., 2012; Chen et al., 2020).

Although not all studies agree, results from Sullivan et al.

(2021) indicate that sensitivity and specificity for predicting a

subject’s temperature falls significantly once a 38°C threshold

is met. While there may be an offset between core and

measured forehead temperature, each of these three papers

(Teran et al., 2012; Chen et al., 2020; Sullivan et al., 2021) do

indicate that non-contact thermometers are able to measure

change in core temperature accurately under the conditions in

this study.

Dietary interventions are successful in treating the

associated risk factors of metabolic syndrome (Barnard et al.,

2009), including the reversal of insulin resistance (Dunaief

et al., 2012), increasing insulin sensitivity (Barnard et al.,

2005), treating hypertension (Najjar et al., 2018), and

reducing body weight (Kahleova et al., 2018). However,

individuals may find these types of interventions restrictive

and difficult to maintain long term. Consequently, identifying

pharmacological therapies that may promote weight loss and

treat metabolic disease, through increased energy expenditure

via thermogenesis, may be a way to augment current

interventions for long term weight reduction (Ursino et al.,

2009; Nedergaard and Cannon, 2010; Dulloo, 2011; Whittle

et al., 2013). Various pharmaceuticals, such as mirabegron and

formoterol have been shown to increase energy expenditure,

fatty acid oxidation and increase thermogenesis in humans (Lee

et al., 2012; O’Mara et al., 2020). But participants report

palpitation, tremor, a loss of appetite and insomnia with use

of formoterol (Lee et al., 2012), and tachycardia, and raised

systolic blood pressure have been observed with use of

mirabegron (O’Mara et al., 2020). These side effects will

likely reduce the use of these drugs clinically. A possible low

cost and low risk option is combining both caffeine and

capsaicin. Results from this study indicate that such a

combination may be extremely beneficial for individuals with

markers of metabolic syndrome. Although we did not measure

blood markers for insulin, the rapid return of blood glucose to

fasting levels following individual supplementation suggests

that it is possible we improved insulin signalling.

Additionally, the effects of individual supplementation of

caffeine or C. annum in relation to RER, energy expenditure

and substrate utilisation, and no effect on heart rate and mean

arterial pressure show a great benefit with little cardiovascular

risk. Interestingly we did find an increase in heart rate

variability following caffeine supplementation which adds to

an ambiguous body of evidence for caffeine effects on heart rate

Frontiers in Physiology frontiersin.org13

Van Schaik et al. 10.3389/fphys.2022.870154

115

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2022.870154


variability (Rauh et al., 2006; Koenig et al., 2013). A previous

study (Yoshioka et al., 2001) examined the combined effects of

red pepper and caffeine consumption on 24 h energy balance in

subjects given free access to food. Two appetizers (2 × 322 kJ

with or without 3 g red pepper) were given before lunch and

dinner, and a drink (decaffeinated coffee with or without

200 mg caffeine) was served at all meals and snacks except

for the after-dinner snack. An important note is that on the

experimental day, 8.6 and 7.2 g red pepper were also added to

lunch and dinner respectively. Red pepper and caffeine

consumption significantly reduced the cumulative ad libitum

energy intake and increased energy expenditure. The mean

difference in energy balance between both conditions was

4,000 kJ/d (Yoshioka et al., 2001). These results indicate that

the consumption of red pepper and caffeine can induce a

considerable change in energy balance. Our results are

consistent with this observation. There remains potential to

replicate the findings from our study, but with the combination

of C. annuum and caffeine, rather than individual

supplementation. Additionally, such a study could be

undertaken in healthy subjects or those with metabolic

dysfunction.

Conclusion

In conclusion, our results demonstrate that caffeine and C.

annuum supplementation increase blood glucose removal,

energy expenditure, Tscf, and promote a change in

substrate oxidation. These results support a physiological

role of caffeine and C. annuum on metabolic activity and

glucose homeostasis and may provide a basis to

pharmacologically target BAT through caffeine and C.

annuum mediated mechanisms to potentially improve

metabolic homeostasis in humans. Further research is

needed to investigate the effects of combining caffeine and

C. annuum on markers of metabolic dysfunction, and the

mechanisms underlying BAT activation to identify safe and

efficacious lifestyle or pharmaceutical interventions that may

activate BAT.
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A High-Fat Diet Disrupts Nerve Lipids
and Mitochondrial Function in Murine
Models of Neuropathy
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As the prevalence of prediabetes and type 2 diabetes (T2D) continues to increase
worldwide, accompanying complications are also on the rise. The most prevalent
complication, peripheral neuropathy (PN), is a complex process which remains
incompletely understood. Dyslipidemia is an emerging risk factor for PN in both
prediabetes and T2D, suggesting that excess lipids damage peripheral nerves;
however, the precise lipid changes that contribute to PN are unknown. To identify
specific lipid changes associated with PN, we conducted an untargeted lipidomics
analysis comparing the effect of high-fat diet (HFD) feeding on lipids in the plasma,
liver, and peripheral nerve from three strains of mice (BL6, BTBR, and BKS). HFD
feeding triggered distinct strain- and tissue-specific lipid changes, which correlated
with PN in BL6 mice versus less robust murine models of metabolic dysfunction and
PN (BTBR and BKS mice). The BL6 mice showed significant changes in neutral lipids,
phospholipids, lysophospholipids, and plasmalogens within the nerve. Sphingomyelin
(SM) and lysophosphatidylethanolamine (LPE) were two lipid species that were unique to
HFD BL6 sciatic nerve compared to other strains (BTBR and BKS). Plasma and liver lipids
were significantly altered in all murine strains fed a HFD independent of PN status,
suggesting that nerve-specific lipid changes contribute to PN pathogenesis. Many of
the identified lipids affect mitochondrial function and mitochondrial bioenergetics, which
were significantly impaired in ex vivo sural nerve and dorsal root ganglion sensory neurons.
Collectively, our data show that consuming a HFD dysregulates the nerve lipidome and
mitochondrial function, which may contribute to PN in prediabetes.

Keywords: dyslipidemia, prediabetes, mitochondria, obesity, neuropathy, lipidomics, high-fat diet, metabolic
syndrome

Edited by:
Da-Wei Zhang,

University of Alberta, Canada

Reviewed by:
Michael Bukowski,

Beltsville Human Nutrition Center
(USDA), United States

Mario Ruiz,
University of Gothenburg, Sweden

*Correspondence:
Amy E. Rumora

aer2219@cumc.columbia.edu

†These authors have contributed
equally to this work

Specialty section:
This article was submitted to

Lipid and Fatty Acid Research,
a section of the journal
Frontiers in Physiology

Received: 16 April 2022
Accepted: 24 June 2022

Published: 22 August 2022

Citation:
Rumora AE, Guo K, Hinder LM,

O’Brien PD, Hayes JM, Hur J and
Feldman EL (2022) A High-Fat Diet

Disrupts Nerve Lipids and
Mitochondrial Function in Murine

Models of Neuropathy.
Front. Physiol. 13:921942.

doi: 10.3389/fphys.2022.921942

Abbreviations:CL, cardiolipin; DG, diacylglycerol; DGAT2, diacylglycerol acyltransferase 2; DRG, dorsal root ganglion; FCCP,
carbonyl cyanide-4-(trifluoromethoxy)phenyl-hydrazone; HFD, high-fat diet; IENFD, intraepidermal nerve fiber density; LC-
MS/MS, liquid chromatography-tandem mass spectrometry; LPC, lysophosphatidylcholine; LPE, lysophosphatidylethanol-
amine; NCV, nerve conduction velocity; PC, phosphatidylcholine; PE, phosphatidylethanolamine; PI, phosphatidylinositol;
plasmenyl-PE, plasmenyl-phosphatidylethanolamine; plasmenyl-PC, plasmenylphosphatidylcholine; PLS-DA, Partial least
squares-discriminant analysis; PN, peripheral neuropathy; PS, phosphatidylserine; SM, sphingomyelin; TG, triglyceride; T2D,
type 2 diabetes; VIP, variable importance in projection.

Frontiers in Physiology | www.frontiersin.org August 2022 | Volume 13 | Article 9219421

ORIGINAL RESEARCH
published: 22 August 2022

doi: 10.3389/fphys.2022.921942

120

http://crossmark.crossref.org/dialog/?doi=10.3389/fphys.2022.921942&domain=pdf&date_stamp=2022-08-22
https://www.frontiersin.org/articles/10.3389/fphys.2022.921942/full
https://www.frontiersin.org/articles/10.3389/fphys.2022.921942/full
https://www.frontiersin.org/articles/10.3389/fphys.2022.921942/full
http://creativecommons.org/licenses/by/4.0/
mailto:aer2219@cumc.columbia.edu
https://doi.org/10.3389/fphys.2022.921942
https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/journals/physiology#editorial-board
https://doi.org/10.3389/fphys.2022.921942


INTRODUCTION

Peripheral neuropathy (PN) is a common and highly morbid
complication of prediabetes and type 2 diabetes (T2D) (Feldman
et al., 2019). PNpresents as a distal to proximal loss of sensation in the
extremities with pain as a frequent feature (Feldman et al., 2019).
While the pathogenesis of PN is incompletely understood, impaired
peripheral nervous system bioenergetics under conditions of excess
energy substrate is a central characteristic of PN (Feldman et al.,
2017). In parallel, recent clinical studies highlight components of the
metabolic syndrome as PN risk factors (Callaghan et al., 2016a;
Callaghan et al., 2016b), suggesting lipids, including triglycerides
(TGs), contribute to peripheral nervous system energy overload
(Wiggin et al., 2009; Andersen et al., 2018).

Murine models of diet-induced obesity develop features of
prediabetes and PN like that seen in humans; however, the genetic
background of each mouse strain affects the degree of metabolic
dysfunction and type of nerve fibers affected (Montgomery et al.,
2013). Large nerve fibers confer proprioceptive information
related to position and movement whereas small afferent Aδ
fibers and unmyelinated C-fibers are responsible for temperature,
pain, and nociceptive sensations. Prediabetes and T2D PN result
from a combination of large and small fiber dysfunction. We
recently reported the effects of high-fat diet (HFD) feeding on
three mouse strains (BL6, BTBR, and BKS). Mice on the
BL6 background gained weight throughout the 36-weeks study
and developed features of the metabolic syndrome as well as large
and small fiber PN similar to what is observed in humans with
prediabetes (Hinder et al., 2017). In contrast, HFD-fed BTBR
mice developed large fiber PN only and gained weight at the same
rate as standard diet (SD)-fed BTBR for the first 24 weeks of the
study. The final strain of mice fed a HFD, the BKS mice, also
developed large fiber PN only but required genetic manipulation
of the leptin receptor to gain weight from study onset.

The goal of the current studywas to assess the association between
disruptions in lipid composition and PN metabolic risk factors and
disease severity. Because lipid levels profoundly impactmitochondrial
bioenergetics (Rumora et al., 2018), we postulated that distinct nerve
lipid levels would associate with PN under varying conditions of
metabolic dysfunction.We conducted untargeted lipidomics of nerve,
liver and plasma from HFD-fed BL6, BTBR and BKS mice and
observed distinct changes in nerve, liver and plasma lipids in all three
strains. Unique changes in mitochondrial lipid levels were observed
within the nerves of HFD-fed BL6 mice with PN, the only strain that
developed both large and small nerve fiber dysfunction. Further
evaluation of mitochondrial bioenergetics in ex vivo sural nerves and
sensory dorsal root ganglion (DRG) neurons from BL6 animals
showed impaired mitochondrial bioenergetics, suggesting a role
for nerve-specific lipid signatures in the pathogenesis of PN.

MATERIALS AND METHODS

Mouse Model Description
Mouse strains included i) BKS-wt (C57BLKS/J #000662, Jackson
laboratory, Bar Harbor, ME), ii) B6-wt (C57BL/6J #000664,
Jackson Laboratory), and iii) BTBR-wt (BTBR T+ Itpr3tf/J

#002282, Jackson Laboratory). Mice from each strain were
randomly assigned to two groups at 4 weeks of age and fed
either a standard diet (SD) (#D12450-B, 10% kcal fat,
Research Diets, New Brunswick, NJ) or a 54% HFD
(#05090701, 54% kcal fat from lard, Research Diets) for
32 weeks, leading to six groups of male mice with 12 mice/
group (HFD BKS, SD BKS, HFD B6, SD B6, HFD BTBR, SD
BTBR). The fatty acid composition of each diet is provided in
Supplementary Table S1. At the study end at 36 weeks of age,
sciatic nerve, footpads, plasma, and liver samples were collected.
Terminal metabolic measurements included body weight, fasting
blood glucose, glucose tolerance, and glycated hemoglobin, as
well as terminal neuropathymeasurements including assessments
of sural and sciatic nerve conduction velocities (NCV), measures
of large fiber function, and intraepidermal nerve fiber density
(IENFD), a measure of small nerve fiber function, were evaluated
at 36 weeks of age. Plasma insulin, cholesterol, and triglycerides
were also measured by Mouse Metabolic Phenotyping Centers
(MMPC; Vanderbilt University, Nashville, TN; University of
Cincinnati, Cincinnati, OH). All metabolic and neuropathy
measurements were reported previously (Hinder et al., 2017).
Herein, we conducted a follow-up untargeted lipidomics analysis
on sciatic nerve, plasma, and liver from each group of mice. Mice
were housed in a pathogen-free environment and animal
husbandry was conducted by the University of Michigan Unit
for Laboratory Animal Medicine. Animal protocols followed
Diabetic Complications Consortium Guidelines (https://www.
diacomp.org/shared/protocols.aspx) and were approved by the
University ofMichigan University Committee onUse and Care of
Animals.

Untargeted Lipidomics Profiling
Four sciatic nerves from each group of mice were selected blindly
and submitted to the Michigan Regional Comprehensive
Metabolomics Resource Core (MRC2; www.mrc2.umich.edu)
for untargeted lipidomics, which was conducted as described
previously (Sas et al., 2018). Briefly, lipids were extracted from
each sample (plasma, homogenized sciatic nerve, or homogenized
liver) according to a modified Bligh-Dyer protocol. Purified lipids
from samples and quality controls were analyzed by liquid
chromatography-tandem mass spectrometry (LC-MS/MS).
LipidBlast (http://fiehnlab.ucdavis.edu/projects/LipidBlast) was
used to identify lipids and MultiQuant (SCIEX, Concord,
Canada) was used for lipid quantification. A total of 967 lipid
species were detected within the sciatic nerve (Positive - 579;
Negative—388), 1,339 lipid species were detected in the liver
(Positive- 799; Negative—540), and 956 lipid species were
detected in the plasma (Positive - 603; Negative—353).

Untargeted Lipidomics Data Preprocessing
and Analysis
Missing values in the raw data were imputed with the K-nearest
neighbor method and normalized to internal standards using the
R package pamr with the function pamr. knnimpute (https://
www.rdocumentation.org/packages/pamr/versions/1.55/topics/
pamr.knnimpute) (Troyanskaya et al., 2001). Euclidian was used
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as the distance metric (Troyanskaya et al., 2001). At least one
internal standard for each lipid class was included in the analysis
(Supplementary Tables S2–S4). Lipid species with a coefficient
of variation >30% were removed and then lipid species from
positive and negative ion modes were merged into a single
dataset. Lipids measured in both positive and negative modes
were assigned an average value from both modes. Lipid species
with an odd number of carbons were removed because odd-chain
lipids are rarely synthesized in mammalian systems and are
typically obtained from the diet or by gut microbiota (Venn-
Watson et al., 2020; Ampong et al., 2022). We also did not
identify any significant changes in branched lipids in this study.
To summarize lipid levels per class, the total values of lipid species
in each class were summed and then log2-transformed. Heatmaps
were generated to visualize the profiling pattern of each lipid class
across different tissue and genetic background groups. Pearson
correlation coefficients were calculated for each shared lipid
species between different tissues (O’Brien et al., 2020). Lipid
heatmaps were not displayed in the figures if the HFD compared
to the SD had no significant impact on tissue lipid levels in a
particular strain of mice.

Identifying Important Lipid Species
A t-test was performed for each lipid species to determine
significant differences between the HFD and SD groups. Lipid
species with a p-value < 0.05 were deemed significant differential
lipids. Partial least squares-discriminant analysis (PLS-DA) was
also performed with mixOmics package (Rohart et al., 2017), to
identify lipid species that carry the greatest class-separating
information, represented by the first latent variable (Brereton
and Lloyd, 2014). Tenfold cross-validation was used to select the
tuning parameter (the number of components) for PLS-DA with
the minimal overall error rate. Once the optimal number of
components was decided, the PLS-DA was refit to the full dataset
to obtain the final model. Score plots were generated to illustrate
the difference between HFD versus SD for each genetic
background (BKS, BL6, BTBR). The variable importance in
projection (VIP) score for each lipid species was calculated as
a weighted sum of the squared correlations between the PLS-DA
components and the original lipid species (Galindo-Prieto et al.,
2014). Lipid species with a VIP score >1 were selected as the
important species, which contribute highly to group separation
(Cho et al., 2008). All the above analyses were performed using R
v3.5 (https://www.R-project.org/).

Mitochondrial Bioenergetics Analysis
Ex vivo mitochondrial bioenergetics analysis was conducted on
whole sural nerve tissue and primary DRG neurons dissected
from 20-week HFD- versus SD-fed BL6 mice using an
XF24 Extracellular Flux Analyzer (Agilent Technologies, Santa
Clara, CA, United States). Bioenergetic analysis was conducted
3–6 h post mortem for both primary DRG neuron cultures and
whole sural nerve. Whole sural nerves were dissected from four
mice/group, placed in optimized energetics media, and arranged
on an islet capture screen (Pooya et al., 2014). For DRG neuron
cultures, DRG were extracted, dissociated into a single-cell
suspension, and plated on a laminin-coated Seahorse plate, as

described previously (Rumora et al., 2018; Rumora et al., 2019a;
Rumora et al., 2019b). Whole sural nerves were then challenged
by sequential addition of mitochondrial drugs in the following
order: i) 12.6 μM oligomycin, ii) 20 μM carbonyl cyanide-4-
(trifluoromethoxy)phenyl-hydrazone (FCCP), and iii) 2 μM
antimycin A. DRG neurons were challenged with the
consecutive injection of i) 1.25 mM oligomycin, ii) 100 or
600 nM FCCP, and iii) 1 mM antimycin A. All bioenergetics
measurements were recorded by the Seahorse XF analyzer and
bioenergetics parameters were analyzed using mitochondrial
drug response curves, as described previously (Rumora et al.,
2018). Results were normalized to tissue weight and
mitochondrial copy number (see below). Data analysis was
conducted on GraphPad Prism using one-way ANOVA with a
Tukey post-test for multiple comparisons, two-way ANOVA with
Bonferroni post-test for multiple comparisons, or unpaired t-test
(Festing and Altman, 2002).

FIGURE 1 | Study paradigm and workflow for lipidomics (A) and
mitochondrial bioenergetics analysis (B). (A) Three strains of mice (C57BLKS/
J, C57BL6/J, and BTBR) were divided into two groups per strain and fed
either a standard diet (SD) or 54% high-fat diet (HFD). Mice were fed SD
or HFD for 32 weeks and phenotyped for metabolic and neuropathy
parameters at 36 weeks. At 36 weeks, sciatic nerve, liver, and plasma were
collected and processed for LC-MS/MS lipidomics analysis. Lipidomics data
were subjected a bioinformatics pipeline including PLS-DA, heat maps, and
VIP score plots. (B) DRG neuron and sural nerve mitochondrial bioenergetics
were evaluated in BL6 mice fed a SD or 60% HFD from 5 to 20 weeks. At
20 weeks of age, mitochondrial bioenergetics and mitochondrial copy
number were assessed in DRG neurons and whole sural nerves from HFD
BL6 mice compared to SD BL6 mice.
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Mitochondrial Copy Number Analysis
The sural nerve mitochondrial copy number was evaluated in
HFD- versus SD-fed BL6 mice, as previously described (Rumora
et al., 2018). Briefly, DNA was isolated using the AllPrep DNA/
RNA Mini Kit (Qiagen, Germantown, MD, United States) from
the sural nerves, which were used for mitochondrial bioenergetics
analysis. Quantitation of mitochondrial cytochrome b (cytob) and
nuclear tyrosine 3-monooxygenase/tryptophan five-
monooxygenase activation protein (Ywhaz) was evaluated
using Power SYBR Green PCR Master Mix (Thermo Fisher
Scientific) on a StepOnePlus Real-Time PCR system (Thermo
Fisher Scientific), as described previously (Rumora et al., 2018).
The standard curve method was used for cytob and Ywhaz gene
quantitation.

RESULTS

Tissue Lipidomics Profiling of HFD BL6,
BTBR, and BKS Mice
Untargeted lipidomics was performed on the sciatic nerve,
plasma, and liver from BL6, BTBR, and BKS mice fed either
SD or 54% HFD for 36 weeks (Figure 1A). PLS-DA score plots

showed a clear separation between lipid species in the sciatic
nerve of HFD BL6 mice with large and small fiber PN and HFD
BTBR mice with large fiber PN, versus SD BL6 and SD BTBR
mice without PN (Figures 2A,B). Sciatic nerve lipid profiles from
HFD-fed BKS mice that had no weight gain compared to SD-fed
animals show less separation between HFD and SD score plots
(Figure 2C). Elevated plasma insulin levels and large fiber PN,
based on slowed sciatic and sural nerve conduction velocities,
were present in all strains. However, only BL6 mice fed a HFD
had highly significant weight gain throughout the entire study (8-,
16-, 24-, 36- weeks) compared to SD-fed BL6 animals. At the
study end, these animals also had statistically elevated cholesterol
levels and low IENFDs, a marker of small fiber PN
(Supplementary Table S5) (Hinder et al., 2017). HFD-fed
BTBR mice gained weight at a similar rate as SD-fed animals
for the first 24 weeks of the study, and only at the 36-weeks time
point were significantly heavier than their SD-fed counterparts.
These HFD animals had higher levels of fasting glucose than the
SD-fed animals with no changes in lipid levels. In contrast both
SD- and HFD-fed BKSmice gained weight at equivalent rates and
had no evidence of elevated cholesterol or fasting glucose
(Supplementary Table S5) (Hinder et al., 2017). The greater
separation between the score plots of sciatic nerve lipids from

FIGURE 2 | Score plots of lipid changes across species. Partial least squares-discriminant analysis (PLS-DA) showed strain-dependent separation of lipid species
between the SD (red) and HFDmice (blue); dots represent individual mice. BL6 mice with weight gain, dyslipidemia, and both large fiber and small fiber PN (A) and BTBR
mice with weight gain and large-fiber PN (B) showed distinct separation of sciatic nerve (SCN) lipids between SD and HFD groups compared to BKSmice with large fiber
PN without weight gain (C). Whereas, clear separation between plasma (D–F) and liver lipids (G–I) was visible across murine strains.
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HFD- vs SD-fed BL6 and BTBRmice shows that changes in nerve
lipid composition are associated with distinct PN phenotypes and
metabolic changes including weight gain, fasting glucose, and
plasma insulin (Supplementary Table S5) (Hinder et al., 2017).
Unlike the strain-dependent sciatic nerve lipid profiles, the liver
and serum lipid profiles had a distinct separation between HFD
versus SD groups, regardless of strain (Figures 2D–I). These
results suggest that tissue-specific sciatic nerve lipid profiles are
associated with distinct types of PN as defined by large and small
nerve fiber involvement and metabolic dysfunction.

Triglycerides and Diacylglycerols
To identify tissue-specific changes in lipid profiles that associate
with PN, we generated heat maps of significantly altered (p <
0.05) lipid species in mice fed a HFD compared to SD. Out of a
total of 57 detected TG species in the sciatic nerve, 17 were altered
in BL6 mice, 15 in BTBR mice, and five in BKS with HFD feeding
(Figure 3A). The chain length and saturation degree of sciatic
nerve TGs were also altered by a HFD. Both BL6 and BTBR
strains fed a HFD experienced weight gain by 36 weeks,
developed at least two measures of metabolic dysfunction, and
exhibited a higher abundance of sciatic nerve long-chain TGs,

which contrasted with a higher level of shorter-chain TGs in
BL6 and BTBR mice fed a SD. The highly abundant sciatic nerve
long-chain TGs in HFD-fed BL6 and BTBR also showed a higher
degree of acyl chain unsaturation. These HFD-induced changes
in nerve TGs correlated with large fiber PN in both BL6 and
BTBR mice. Conversely, sciatic nerve from BKS mice that did not
gain weight and developed only one measure of metabolic
dysfunction, showed changes in TG level but no distinct
changes in TG chain length or saturation.

Diacylglycerols (DGs) were significantly altered in the sciatic
nerve of all three strains of mice fed a HFD. A total of 35 DGs
were analyzed in the sciatic nerve, of which 12 in BL6, three in
BTBR, and two in BKS sciatic nerve were significantly affected by
consuming a HFD (Figure 3B). Only sciatic nerve from BL6 mice
with both large and small fiber PN showed changes in DG chain
length, while BTBR and BKS mice had an overall decrease in DGs
with HFD feeding compared to their respective SD controls.
Interestingly, changes in chain length were opposite in DGs
versus TGs, with BL6 sciatic nerve displaying greater shorter-
chain and lower longer-chain DG levels in animals fed a HFD
compared to animals on a SD. Collectively, these results suggest
that elevated long-chain TGs and shorter-chain DGs in sciatic

FIGURE 3 | Heat maps of neutral lipids in the sciatic nerve of BL6, BTBR, and BKS mice fed the SD or HFD. (A) Sciatic nerve triglyceride (TG) chain length and
degree of saturation were significantly altered in HFD sciatic nerve from BL6 and BTBRmice. (B) Sciatic nerve diacylglycerols (DGs) were significantly altered by the HFD
in all three strains. t-test, p-value < 0.05.
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nerves correlate with weight gain, metabolic dysfunction, and
large and small fiber PN in HFD BL6 mice after 36 weeks.

Phospholipids
HFD feeding drastically dysregulated phospholipids in the sciatic
nerve of BL6 models with large and small fiber PN and BTBR

models with large fiber PN, which both experienced weight gain
and metabolic dysfunction (Figure 4). However, phospholipids
were unaffected in the sciatic nerve of HFD-fed BKS mice, the
strain that did not gain weight and developed less metabolic
dysfunction with a HFD. Collectively, these findings suggest a role
for phospholipids in large fiber PN pathogenesis associated with

FIGURE 4 | Heat maps of BL6, BTBR, and BKS sciatic nerve phospholipids. All phospholipid levels including (A) phosphatidylcholine (PC) (B)
phosphatidylethanolamine (PE) (C) phosphatidylserine (PS) and (D) phosphatidylinsotitol (PI) were altered by the HFD in BL6 and BTBR mice. t-test, p-value < 0.05.
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metabolic dysfunction. Within the sciatic nerve, BL6 mice had a
higher level of short-chain phosphatidylcholines (PCs) and long-
chain phosphatidylethanolamines (PEs) with HFD feeding versus
SDmice (Figures 4A,B). Although the levels of certain PC and PE
species were also affected in HFD-fed BTBR sciatic nerve, there
were no distinct changes in the chain length. In both BKS and
BTBR mice fed a HFD, levels of specific phosphatidylserine (PS)
species were altered, but without discernable changes in chain
length (Figure 4C). Decreases in phosphatidylinositol (PI)
species were exclusive to HFD-fed BTBR sciatic nerve
(Figure 4D).

Levels of mitochondrial phospholipid cardiolipin (CL) were
significantly reduced within the sciatic nerves of BL6 and BTBR
mice after HFD feeding whereas sphingomyelin (SM) levels were
only reduced in the sciatic nerves from HFD-fed BL6 mice
(Figures 5A,B). Conversely, a HFD did not affect SM and CL
levels in the sciatic nerves of BKS mice. Since CL and SM were
only reduced in sciatic nerve from animals that gained weight and
were metabolically dysfunctional, these phospholipids may play
an important role in PN pathogenesis associated with metabolic
dysfunction.

Lysophospholipids and Plasmalogens
The HFD feeding significantly altered lysophospholipid and
plasmalogen lipids in the sciatic nerve for all three strains of
mice when compared to SD (Figures 6A–C).
Lysophosphatidylcholine (LPC) and plasmenyl-
phosphatidylethanolamine (plasmenyl-PE) lipid species were
significantly decreased in the sciatic nerves of BL6 and BTBR
mice fed a HFD compared to SD. The HFD-fed BKSmice with no
metabolic dysfunction displayed a significant decrease in LPC
and an increase in plasmenyl-PE. A reduction in
lysophosphatidylethanolamine (LPE) in the sciatic nerve
occurred only in BL6 mice fed a HFD, and not the two other

FIGURE 5 | Heat maps of BL6 and BTBR sciatic nerve cardiolipin (CL) and sphingomyelin (SM). HFD BL6 and BTBRmice show global decreases across all (A) CL
and (B) SM lipid species. t-test, p-value < 0.05.

FIGURE 6 | Heat maps of BL6, BTBR, and BKS sciatic nerve
plasmalogens and lysophospholipids. (A) HFD BL6 and BTBR mice show a
global decrease in plasmenyl-phosphatidylethanolamine (plasmenyl-PE)
whereas BKS mice have an increase in plasmenyl-PE. (B)
Lysophosphatidylcholine (LPC) species were also significantly decreased in
HFD BL6 and BTBR mice. (C) LPE species were decreased exclusively in the
sciatic nerve of HFD BL6 mice only. t-test, p-value < 0.05.
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strains, suggesting an association with LPE and both large and
small fiber PN in the murine model that most closely replicates
the human condition.

Liver and Plasma Lipid Profiles
The sciatic nerve lipidome is modulated by changes in plasma
lipid levels, whereas the liver is a major regulator of circulating
plasma lipid levels (O’Brien et al., 2017; O’Brien et al., 2020).
Therefore, we compared the liver and plasma lipid levels across all
murine strains with HFD versus SD feeding and found major
changes in lipid profiles regardless of murine strain. Although no
significant differences in plasma TG level were detected in all
murine strains (Supplementary Table S5), the chain length of
plasma TGs changed with HFD feeding. The BL6 and BTBRmice,
but not the BKS animals, had significant elevations in long-chain
TGs in plasma after HFD feeding compared to SD groups
(Supplementary Figure S1). The levels of several plasma DG
and cholesterol ester species were uniquely altered in HFD BTBR
mice after HFD feeding (Supplemental Figure 1B-C). Plasma
phospholipid levels were changed across all murine strains fed the
HFD but showed no significant difference in chain length or
degree of saturation (Supplementary Figure S2). Interestingly,
plasma SM levels were elevated in all HFD-fed murine strains
including HFD BL6 mice, which contrasted with decreased SM
levels in the HFD BL6 sciatic nerve (Supplementary Figure S3).
The levels of plasma plasmenyl-PE, plasmenylphosphatidylcholine
(plasmenyl-PC), LPE, and LPC were also significantly upregulated or
downregulated by the HFD feeding depending on the murine strain
(Supplementary Figure S4).

The liver had distinct changes in neutral lipids including
significant increases in TG and DG chain length, as well as an
overall decrease in DGs, in BL6 fed a HFD compared to a SD diet
(Supplementary Figure S5). Conversely, the levels of liver TGs
were significantly decreased in BTBR and BKS mice fed a HFD
(Supplementary Figure S5). Phospholipids were also
significantly altered in the liver of all three mouse models. The
level of PCs and PEs were significantly decreased in the liver of all
three murine strains with HFD feeding (Supplementary Figure
S6). Other phospholipid groups including PI, PS,
phosphatidylglycerol, and phosphatidic acid were also
decreased in a strain-dependent manner in the liver of these
mice (Supplementary Figure S6). As in the sciatic nerve, there
was a significant decrease in CL, plasmenyl-PC, LPC, and LPE in
the liver of BL6 mice fed a HFD (Supplementary Figures S7A,
S8A–D). The levels of specific species of SM, plasmalogens, and
lysophospholipids were altered in certain strains of HFD mice
[SM (BL6, BKS), plasmalogens (BL6, BTBR, BKS), and
lysophospholipids (BL6, BTBR)], but there were no distinct
changes in chain length or degree of saturation.

Top Lipids Contributing to Peripheral
Neuropathy in BL6 HFD-Fed Animals
We have previously reported that HFD feeding of BL6 mice leads
to metabolic dysfunction and large and small fiber PN that most
closely resembles that seen in humans (Hinder et al., 2017;
Rumora et al., 2019b; O’Brien et al., 2020). To determine

lipids most significantly linked to pathogenesis of both large
and small fiber PN, we identified the lipid species in sciatic nerves,
plasma, and liver that contributed the most to diet-induced group
separation among BL6 animals by VIP plots and correlation
coefficient analysis. A total of 166 sciatic nerve lipids, 141 plasma
lipids, and 240 liver lipids had VIP values greater than 1. The top
20 lipids with the highest VIP values were 9 TGs, four PCs, four
plasmenyl-PEs, one PS, one PE, and one CL species, which were
significantly altered in sciatic nerves (Figures 7A–C). Lipid VIP
scores for each tissue are provided in Supplementary Tables
S6–S8. Plasma lipids were also significantly impacted by HFD
feeding including five LPCs, five SMs, three PCs, two plasmenyl-
PCs, two LPEs, one PE, one CL species, and one cholesterol ester.
Important liver lipids affected by HFD feeding included six PEs,
4 TGs, three PCs, two CLs, one LPE, one PS, one phosphatidic
acid, one DG, and one phosphatidylglycerol species. We next
assessed lipid correlations across tissues and found, among the
35 differentially altered lipids, plasma and liver had greater overlap in
shared lipids versus sciatic nerve (Figure 7D). Finally, we directly
compared the liver, plasma, and sciatic nerve lipid levels in BL6mice.
Interestingly, lipid levels in the sciatic nerve were distinct from lipid
levels in the plasma or liver in BL6 mice fed the SD and the HFD
(Supplementary Figures S9A,B).

To identify lipid changes that contribute to PN in the different
mouse strains, we compared sciatic nerve lipids with VIP >1 across
the three strains of mice. We identified 33 shared lipid changes
between all murine strains, 57 shared lipid changes between sciatic
nerve from BL6 and BTBR mice, and 20 shared lipid changes in
sciatic nerve from BL6 and BKS mice (Supplementary Figures S10
and Supplementary Table S9). All HFD murine strains developed
large fiber neuropathy and had changes in the level of neutral lipids
(triglycerides and diacylglycerols) indicating that changes in neutral
lipid species may contribute to large nerve fiber damage. HFD
BL6 and BTBR mice that developed large fiber neuropathy
associated with metabolic dysfunction shared many lipid changes
in lysophospholipids and plasmalogens that were less distinct inHFD
BKS mice, indicating that these lipid species may contribute to large
fiber neuropathy in metabolic dysfunction.

HFD Impairs Mitochondrial Bioenergetics
Within DRG Neurons and the Sural Sensory
Nerve
Since essential mitochondrial phospholipids, including PE, PC,
PI, PS, and CL, were significantly altered in sciatic nerves of
BL6 mice fed a HFD, we next evaluated the impact of HFD on ex
vivomitochondrial function. Mitochondrial bioenergetic analyses
were performed on the DRG sensory neurons and the sural
sensory nerve. DRG neurons showed significant increases in
basal respiration and ATP production with no discernable
change in coupling efficiency at rest (Figures 8A–C). DRG
neurons from HFD-fed BL6 mice challenged with both
100 and 600 nM FCCP had significantly higher maximum
spare respiratory capacity relative to the BL6 DRG neurons
from SD, but loss of spare respiratory capacity at 600 nM
FCCP (Figures 8D,E). Basal ATP production and coupling
efficiency were significantly reduced in BL6 sural nerves from
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HFD-fed animals, while the basal respiration was not impacted,
compared to sural nerves from animals fed a SD (Figures 8F–H).
Sural nerve mitochondria also showed a significant decrease in
maximum respiratory capacity and spare respiratory capacity in
HFD-fed versus SD animals (Figures 8I,J). Mitochondrial copy
number was also significantly lower with HFD feeding in sural
nerves but not DRG neurons (Figure 8K). These results indicate
that a HFD induces DRG and sural nerve mitochondrial
dysfunction, correlating with altered mitochondrial lipid levels,
which may contribute to the loss of sensory nerve function in PN.

DISCUSSION

Multiple clinical studies identify components of the metabolic
syndrome, including dyslipidemia and elevated TGs, as
important PN risk factors (Wiggin et al., 2009; Andersen

et al., 2018). Preclinical research shows these same risk factors
adversely impact axonal mitochondrial trafficking and
bioenergetics (Rumora et al., 2018; Rumora et al., 2019a; Sajic
et al., 2021) resulting in bioenergetic failure in distal peripheral
nerve axons and PN (Feldman et al., 2017). Despite the relevance
of lipids, both as PN risk factors and in PN pathogenesis, the
precise circulating and nerve lipid species most important to PN
remain unknown. Importantly, the correlation of plasma and
liver lipidome to nerve lipidome is also incompletely understood,
despite the fact that a circulating lipidomic signature correlated to
that identified in the nerve could serve as a disease biomarker.
Thus, we undertook a systematic study of sciatic nerve, plasma,
and liver lipidomics of three HFD-fed mouse models of varying
metabolic and neuropathic phenotypes. The first model, HFD-fed
BL6 mice, gain weight and develop insulin resistance,
dyslipidemia and both large and small fiber PN, metabolic and
PN features similar to those reported in humans with prediabetes

FIGURE 7 | Variable importance in projection (VIP) score plots of the top 20 PLS-DA lipids in (A) sciatic nerve, (B) plasma, and (C) liver, that separate HFD BL6mice
from SD mice. (D) Pearson correlation coefficients for each shared lipid species between plasma vs liver, liver vs sciatic nerve, and sciatic nerve vs plasma.
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(Hinder et al., 2017). The second model, BTBR mice, are resistant
to weight gain until 36 weeks but develop insulin resistance,
hyperglycemia and large fiber PN. Lastly, the third model, BKS
mice fed a HFD diet develop only insulin resistance and large
fiber PN without gaining weight. Although large fiber PN was
detected in all strains of mice by 36 weeks of age, only BL6 mice
consistently developed the diet-induced metabolic dysfunction
and sensory PN that closely mimics the human condition. We,
therefore, reasoned that comparing the lipid signatures in these
different strains with varying metabolic and neuropathic
phenotypes would identify tissue-specific lipids important in
PN pathogenesis.

We found that score plots of sciatic nerve lipids separated
BL6 and BTBR mice fed a HFD from their SD counterparts,
aligning with the presence of weight gain and large fiber PN at
36 weeks in these HFD-fed strains. In contrast, BKS animals did
not experience this same diet-mediated separation in sciatic nerve
lipids and in parallel did not gain weight with a HFD. These data
show that nerve-specific lipid changes correlate with weight gain
from HFD feeding and support the idea that diet-induced lipid
changes impact tissue function, especially in tissues with diverse
lipid composition, such as the peripheral nervous system (Surma
et al., 2021). We also discovered distinct changes in the sciatic
nerve lipidome of HFD-fed BL6 and BTBR mice with large fiber
PN, including neutral lipids (TGs, DGs), phospholipids,
lysophospholipids, and plasmalogens. However, changes in
nerve SMs and LPE levels were unique to HFD-fed BL6 mice
who robustly model large and small fiber PN and are the only
strain to develop plasma dyslipidemia. These nerve lipid classes
may selectively contribute to small fiber nerve damage commonly
associated with obesity, the metabolic syndrome, and prediabetes
(Palavicini et al., 2020). Liver and plasma lipid profiles, that
presumably dictate the sciatic nerve lipidome, also changed
significantly in response to a HFD in all mouse strains. Since

none of these plasma or liver changes were specific to animals
with varying degrees of PN and metabolic dysfunction, it suggests
that nerve-specific lipid changes specifically contribute to PN.
Many of the nerve lipids identified in BL6 mice fed a HFD are
critical for mitochondrial function; indeed, sural nerves from
BL6 mice fed a 60% HFD were characterized by a loss of
respiratory capacity in both the basal resting and energetically
challenged states. Collectively, these results indicate that changes
in the peripheral nerve lipidome associate with specific PN
phenotypes (large and/or small fiber dysfunction) and likely
contribute to mitochondrial dysfunction in PN.

An accumulation of long-chain TGs and short-chain DGs in
the sciatic nerve was associated with PN in HFD BL6 mice with
small and large fiber PN and in BTBR mice with large fiber PN,
indicating that long-chain fatty acids from the diet are
incorporated into TGs, mobilized into the plasma, and
integrated into the sciatic nerve lipidome (Tracey et al., 2018).
These results are consistent with previous studies showing
elevated TGs in the sciatic nerve of neuropathic BL6 mice fed
60% HFD (O’Brien et al., 2020). In fact, gene expression of
diacylglycerol acyltransferase 2 (DGAT2), the rate-limiting
enzyme for TG biosynthesis was significantly increased in the
sciatic nerve of these neuropathic BL6 mice fed 60% HFD.
DGAT2 was also elevated in sural sensory nerve biopsies from
T2D humans with PN, suggesting that nerve TG synthesis is
elevated in PN (O’Brien et al., 2020). In the current study, TGs
also displayed longer hydrocarbon chains and a greater degree of
unsaturation in the HFD BL6 sciatic nerve, consistent with
findings in plasma of type 2 diabetic human subjects with
dyslipidemia and progressively worsening diabetic
complications (Afshinnia et al., 2018; Afshinnia et al., 2019).
The increase in TG hydrocarbon chain unsaturation in the sciatic
nerve might be a compensatory mechanism to replace saturated
TG hydrocarbon chains with polyunsaturated hydrocarbon

FIGURE 8 |Mitochondrial bioenergetics in SD vs HFDDRG neurons and sural nerves. Resting bioenergetics parameters including (A) basal respiration and (B) ATP
production were significantly increased in DRG neurons from HFD mice compared to SD mice, whereas (C) coupling efficiency was unaffected. (D) HFD DRG neurons
challenged with 100 and 600 nM FCCP had increased maximum respiratory capacity, but significantly diminished spare respiratory capacity with 600 nM FCCP (E)
relative to SD DRG neurons. The HFD had no effect on sural nerve (F) basal respiration but significantly reduced both (G) ATP production and (H) coupling efficiency
compared to the SD sural nerve. Challenging the HFD sural nerve with 20 μMFCCP significantly impaired both (I)maximum respiratory capacity and (J) spare respiratory
capacity compared to SD sural nerves. (K)Mitochondrial copy number was reduced in HFD sural nerve. Data mean ± SEM, n = 15 mice/group sural nerves; *p < 0.05,
**p < 0.01, ***p < 0.001.
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chains in an attempt to prevent nerve lipid peroxidation (Bailey
et al., 2015; Ackerman et al., 2018). Alternatively, the observed
mobilization of long-chain saturated fatty acids from TGs can
uncouple the mitochondrial membrane and impair
mitochondrial oxidative phosphorylation, which could have
contributed to the observed nerve injury (Murray et al., 2011).

In contrast to TGs, saturated DGs, including DGs 30:0–34:0,
were significantly elevated in the sciatic nerve of HFD BL6 mice.
The predominant DG species in standard rodent sciatic nerve are
unsaturated DGs 38:4 (18:0/20:4) and 34:1 (16:0/18:1) (Eichberg
and Zhu, 1992). Therefore, our findings indicate that HFD
consumption triggers the incorporation of saturated fatty
acids, such as palmitic acid and stearic acid, into sciatic nerve
DGs in HFD BL6 mice with small and large fiber PN and
dyslipidemia. This accumulation of saturated DGs in the
sciatic nerve may underlie nerve damage by mediating
lipotoxicity, mitochondrial dysfunction, endoplasmic reticulum
stress, or apoptosis (Akoumi et al., 2017).

Our findings suggest that redirecting lipid biosynthetic
pathways away from TG/DG synthesis could provide a viable
therapeutic approach to treating PN. In support of this idea,
inhibiting DGAT and lipin1, a DG synthesizing enzyme,
promotes axon regeneration in peripheral neurons by reducing
TG/DG synthesis and stimulating phospholipid synthesis (Yang
et al., 2020). Furthermore, modulating DG levels in the sciatic
nerve of STZ-treated rats confers neuroprotection and improves
PN measures (Wang et al., 2021). Future preclinical studies
focused on nerve-specific TG/DG biology in the setting of
dyslipidemia and metabolic dysfunction could facilitate the
development of targeted interventions for the treatment of PN.

Phospholipids, including PE, PC, PS, and CL, were
significantly altered in the sciatic nerve of both HFD-fed
BL6 and BTBR mice but not BKS mice, indicating a major
shift in the nerve phospholipid content in response to HFD
feeding that correlates with weight gain. These results parallel
previous studies in murine models and humans with metabolic
syndrome, prediabetes, and T2D (O’Brien et al., 2020; Rumora
et al., 2021), suggesting that changes in nerve phospholipids
contribute to large fiber PN pathogenesis in these disease
states. Phospholipids make up approximately 57% of lipids in
the cell bodies and axons of peripheral neurons and 40% of lipids
in the myelin sheath (Calderon et al., 1995; Poitelon et al., 2020;
Hornemann, 2021). Alterations in phospholipid levels can trigger
aberrant changes in cellular signaling (Nishizuka, 1992), cell
membrane structure (Kuge et al., 2014), and membrane
dynamics in neurons (Tracey et al., 2018). Importantly,
phospholipids are a major constituent of the mitochondrial
membrane and play an integral role in regulating
mitochondrial function.

The most abundant phospholipids in the inner mitochondrial
membrane (PE, PC, CL) (Basu Ball et al., 2018) were those most
changed in HFD BL6 sciatic nerve in this study, supporting the
idea that these phospholipid changes could alter mitochondrial
bioenergetics (Schenkel and Bakovic, 2014). Changes in the levels
of inner mitochondrial membrane PE, PC, and CL result in the
improper assembly of the mitochondrial electron transport
supercomplexes, impairing oxidative phosphorylation (Tasseva

et al., 2013). Changes in CL are of particular interest since CL is
exclusively found in mitochondria and modulates the assembly of
respiratory chain supercomplexes III and IV (Zhang et al., 2005),
mitochondrial membrane potential (Ghosh et al., 2020),
mitochondrial bioenergetics (Paradies et al., 2014), reactive
oxygen species production (Falabella et al., 2021), and
apoptotic signaling and mitochondrial dynamics (Falabella
et al., 2021). The shift in PS and PE lipids, as well as the loss
of CL, within the sciatic nerves of HFD BL6 mice may destabilize
mitochondrial respiratory chain complexes, thereby reducing the
efficiency of oxidative phosphorylation and injuring the
peripheral nerves.

The most distinct lipid change was a global decrease in
lysophospholipids (LPC, LPE) and plasmenyl-PE in the sciatic
nerve of HFD BL6 and BTBR mice compared to BKS mice. A
decrease in lysophospholipids was recently reported in both
sciatic nerve (O’Brien et al., 2020) and plasma (Guo et al.,
2021) from mice and humans, respectively, with PN and
metabolic disease. Elevated levels of LPC are also implicated in
neuropathic pain associated with chemotherapy-induced
neuropathy (Rimola et al., 2020) and other painful
neuropathies (Inoue et al., 2008). Lysophospholipids are
generated from the hydrolysis of phospholipids (Tan et al.,
2020), leading to elevated nitric oxide levels, which may
damage peripheral nerves (Wang et al., 2013). Interestingly,
LPCs and LPEs, were only decreased in HFD-fed BL6 and
HFD-fed BTBR sciatic nerves emphasizing the possibility that
sciatic nerve lysophospholipid levels may be strain-dependent
(Hinder et al., 2017) and may contribute to the observed
differences in PN among the three strains. The HFD
BL6 sciatic nerve had the highest number of altered LPC
species and was the only strain with HFD-induced alterations
in LPE species indicating that altered lysophospholipids levels
may contribute to small and large fiber PN associated with
metabolic dysfunction. LPC levels are reportedly increased
during painful PN (Wang et al., 2013), indicating that a loss
of sensory function may be associated with the distinct decrease
in LPC species in HFD-fed BL6 mice. Plasmenyl-PE is a
plasmalogen, a family of lipids that contain arachidonic acid, a
known mediator of nervous system lipid-signaling pathways
(Murphy, 2017), membrane trafficking, and inflammatory
pathways (Tracey et al., 2018). Critical for the formation of
membrane rafts in the nervous system (Poitelon et al., 2020),
loss of plasmalogen plasmenyl-PE in peripheral nerves may alter
the lipid composition of myelin and ultimately lead to nerve
damage.

Only two lipid species, SM and LPE, were dysregulated
exclusively in the sciatic nerve from HFD BL6 mice with
weight gain, dyslipidemia, and small and large fiber PN that
mimics the human condition, compared to sciatic nerve from
BTBR or BKS mice. Both SM and LPE were significantly
decreased, indicating that the loss of SM and LPE within the
sciatic nerve may contribute to small fiber damage within the
nerve. This is supported by reports showing decreased plasma SM
levels in patients with T2D (Rumora et al., 2021) and obesity
(Guo et al., 2021). SM is an important nerve lipid of the myelin
sheath, which protects and supports sensory nerve fibers
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(Poitelon et al., 2020; Hornemann, 2021). Although the role of
LPE in the peripheral nervous system is less studied, changes in
LPE levels are reported in other neurological disorders, including
Alzheimer’s disease (Liu et al., 2021; Llano et al., 2021),
emphasizing the importance of this lipid for proper nervous
system function.

In the current study, HFD significantly impacted the liver and
plasma lipid profile in all three murine strains, irrespective of PN.
Since the peripheral nerves rely on both de novo lipogenesis and
lipid uptake from circulation (Tracey et al., 2018; Poitelon et al.,
2020), the saturation and chain length of circulating dietary fatty
acids and complex lipids can influence the nerve lipidome. We
have shown switching mice from a saturated fatty acid-rich HFD
to a monounsaturated fatty acid-rich HFD rich significantly
improves nerve function (Rumora et al., 2019b), likely because
monounsaturated fatty acids restore mitochondrial function
following saturated fatty acid-induced mitochondrial
dysfunction (Rumora et al., 2018; Rumora et al., 2019a;
Rumora et al., 2019b). Previous studies also describe elevated
plasma and liver TGs in HFD-fed BL6 mice with PN, consistent
with reports showing higher TGs in plasma of dyslipidemic
rodents (Lupachyk et al., 2012), and plasma of diabetic
(Wiggin et al., 2009; Callaghan et al., 2011; Smith and
Singleton, 2013) and obese subjects with PN (Guo et al.,
2021). However, we observed no strain-dependent differences
in plasma or liver lipid classes that were unique to the HFD-fed
BL6 mice or BTBR HFD-fed animals. These data suggest that
nerve-specific lipid changes are a more important driver of PN
pathogenesis than plasma or liver lipid signatures. In support of
this idea, a recent study showed that statins alter circulating lipid
levels in a T2D patient cohort from the ADDITION-Denmark
study but have no effect on PN (Kristensen et al., 2020).

Lipids profoundly influence mitochondrial bioenergetics
(Hinder et al., 2012; Aon et al., 2014); therefore, we
determined whether changes in the peripheral nerve lipidome
correlate with mitochondrial function distally in the ex vivo sural
sensory nerve and proximally in sensory DRG neurons from
HFD-fed BL6 mice. Although untargeted lipidomics was
conducted on sciatic nerves to provide sufficient tissue for the
lipidomic analysis, prediabetic and T2D PN is primarily a sensory
neuropathy (Feldman et al., 2017), so mitochondrial bioenergetic
analyses were performed on the sural sensory nerve and DRG
sensory neurons. Since HFD-fed BL6 mice robustly mimic PN in
humans with metabolic dysfunction, we postulated that ex vivo
sural nerve and DRG neurons from HFD-fed BL6 mice would
model changes in mitochondrial function that underlie diet-
induced small and large fiber PN pathogenesis. Basal ATP
production, coupling efficiency, and mitochondrial copy
number were reduced in the sural nerves from HFD-fed
animals, suggesting that mitochondrial energy production is
compromised due to uncoupling of ATP production from
mitochondrial respiration, as well as fewer mitochondria
(Chowdhury et al., 2013). Challenging these sural nerves with
mitochondrial uncoupler, FCCP, revealed a decrease in both
maximum respiratory capacity and spare respiratory capacity,
indicating the inability to increase ATP production to match
increased energy demand.

In contrast, DRG neurons cultured from HFD-fed BL6 mice
had significant increases in basal respiration and ATP production
under resting conditions with no changes in coupling efficiency
(Rumora et al., 2018), suggesting that mild uncoupling doesn’t
occur despite the increase in basal respiration. The lack of
uncoupling could in part prevent the formation of reactive
oxygen species. The loss of spare respiratory capacity suggests
the DRG neuron mitochondria are already functioning at
maximum capacity and cannot increase energy output to meet
increased energy demands. Elevated ATP production in DRG
neurons may therefore be a compensatory mechanism to increase
mitochondrial content and mitochondrial-derived ATP distally
in the sural nerve, to maintain at least partial nerve function
(Feldman et al., 2017).

Our study had several limitations. First, we used two different
HFD paradigms including a 54% HFD for lipidomics studies
versus a 60% HFD for mitochondrial bioenergetics. Since we
previously showed lipid changes in the sciatic nerve of mice fed a
60% HFD by 16 weeks of age were similar to mice fed the 54%
HFD at 36 weeks of age (O’Brien et al., 2020), we postulated that
changes in mitochondrial bioenergetics would be similar across
the two HFD paradigms. Future studies will test the effect of the
two different HFD paradigms on mitochondrial bioenergetics in
whole sural nerve and DRG neurons. Second, we were unable to
determine the acyl chain composition of lipids in the untargeted
lipidomics analysis. Targeted lipidomics platforms will be used in
future studies to identify structural changes in sciatic nerve, liver,
and plasma lipid species. It will be interesting to determine
whether HFD impacts the identity of the acyl chains of key
sciatic nerve lipid species we identified in this study. Further
studies are also needed to determine the significance of odd chain
lipids in HFD fed mice. Additionally, we will conduct
transcriptomics on nerve, liver, and plasma from each mouse
strain to assess changes in genes related to de novo lipogenesis and
other metabolic pathways in each tissue. A third limitation of this
study is the use of the sciatic nerve for untargeted lipidomics
versus DRG neurons and sural nerve for mitochondrial
bioenergetics analysis. Future directions will use targeted
lipdomics or MALDI-MSI to correlate changes in
mitochondrial bioenergetics function with lipid changes in
DRG neurons and sural nerve. A fourth limitation was our
limited number of biological samples (4 samples/tissue type)
for the untargeted lipidomics analysis. Future studies will
evaluate lipidomics changes with a greater number of tissue
samples per group and will be analyzed using q-value
statistical analysis to show variance across samples.

In conclusion, HFD feeding of different mouse models with
varying degrees of PN and metabolic dysfunction produced
significant remodeling of the sciatic nerve lipidome and
aberrant mitochondrial bioenergetics. Of the three mouse
strains (BL6, BTBR, BKS), HFD-fed BL6 mice develop large
fiber and small fiber PN and metabolic dysfunction that most
closely resembles the human condition. These animals showed
significant changes in neutral lipids, phospholipids,
lysophospholipids, and plasmalogen levels in the sciatic nerve.
Both SM and LPE were significantly altered in sciatic nerves only
in the HFD-fed BL6 animals, indicating the importance of these
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lipids for maintaining small fiber nerve function. Although
plasma and liver lipids were significantly impacted by the
HFD across all murine strains, the plasma and liver lipid
changes were not biomarkers of PN. The loss of mitochondrial
bioenergetics capacity in the sensory sural nerves from HFD-fed
BL6 mice differed from HFD-fed BL6 DRG neurons, which
showed increased ATP production, potentially as a compensatory
mechanism to restore ATP production distally in the injured nerve.
Future studies will focus on determining lipid changes that damage
specific subsets of nerve fibers, including small and large nerve fibers,
as a potential pathogenic mechanism underlying specific PN
phenotypes. Additionally, identifying the specific lipid species that
drive mitochondrial dysfunction and nerve damage may provide
novel therapeutic targets for PN associatedwith prediabetes and T2D.
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Low-density lipoprotein particles
in atherosclerosis

Ya-Nan Qiao†, Yan-Li Zou† and Shou-Dong Guo*
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Atherosclerosis, Weifang Medical University, Weifang, China

Among the diseases causing human death, cardiovascular disease (CVD)

remains number one according to the World Health Organization report in

2021. It is known that atherosclerosis is the pathological basis of CVD. Low-

density lipoprotein (LDL) plays a pivotal role in the initiation and progression of

atherosclerotic CVD (ASCVD). LDL cholesterol (LDL-C) is the traditional

biological marker of LDL. However, large numbers of patients who have

achieved the recommended LDL-C goals still have ASCVD risk. In multiple

prospective studies, LDL particle (LDL-P) is reported to be more accurate in

predicting CVD risk than LDL-C. LDL-Ps differ in size, density and chemical

composition. Numerous clinical studies have proved that the atherogenic

mechanisms of LDL-Ps are determined not only by LDL number and size

but also by LDL modifications. Of note, small dense LDL (sdLDL) particles

possess stronger atherogenic ability compared with large and intermediate

LDL subfractions. Besides, oxidized LDL (ox-LDL) is another risk factor in

atherosclerosis. Among the traditional lipid-lowering drugs, statins induce

dramatic reductions in LDL-C and LDL-P to a lesser extend. Recently,

proprotein convertase subtilsin/kexin type 9 inhibitors (PCSK9i) have been

demonstrated to be effective in lowering the levels of LDL-C, LDL-P, as well

as CVD events. In this article, we will make a short review of LDL metabolism,

discuss the discordance between LDL-C and LDL-P, outline the atherogenic

mechanisms of action of LDL by focusing on sdLDL and ox-LDL, summarize the

methods used for measurement of LDL subclasses, and conclude the advances

in LDL-lowering therapies using statins and PCSK9i.

KEYWORDS

LDL particle, PCSK9, atherosclerosis, cardiovascular disease, PCSK9 inhibitor

Introduction

According to the World Health Organization report in 2021, cardiovascular disease

(CVD) causes 17.9 million deaths in 2019, representing 32% of total global deaths (WHO,

2021). The pathological basis of CVD is atherosclerosis, a disease of arteries causing

myocardial infarction, stroke, and other complications (Libby et al., 2019).

Atherosclerosis occurs primarily in the subendothelial space of the middle and large

arteries, where blood flow is disturbed and/or bifurcated (Siasos et al., 2018; Kong et al.,

2022). Accumulating evidence have demonstrated that many risk factors including

hyperlipidemia, hypertension, oxidative stress, inflammation, endothelium dysfunction
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as well as high-calorie diet and unhealthy habits, such as

smoking, contribute to the initiation and progression of

atherosclerotic CVD (ASCVD) (Lee and Cooke, 2011).

Epidemiological studies indicate that the elevated levels of

low-density lipoprotein (LDL) cholesterol (LDL-C) are the

major culprit in the development of atherosclerosis

(Matsumoto et al., 2004; Khatana et al., 2020).

Although LDL-C is a well-accepted marker of LDL (Hero

et al., 2016), epidemiologic studies and clinical trials using statins

and other lipid-lowering drugs have demonstrated that LDL

particle (LDL-P) is an alternative indicator and clinical target

for treatment of dyslipidemia as well as ASCVD (Sniderman and

Kwiterovich, 2013). Cholesterol, triglyceride (TG), and other

components of LDL-P are not invariable, but differ greatly

from person to person. For instance, lipids carried by LDL-P

can be altered by lifestyle changes and lipid-modulatory therapies

(Cromwell et al., 2007). In clinical practice, a large proportion of

patients who have achieved the recommended LDL-C goals still

suffer ASCVD. Therefore, LDL-C alone is not a necessary

determinant for ASCVD, while LDL-P is found to be more

predictive than any other parameters related to LDL

(Kanonidou, 2021). LDL-Ps, the metabolism products of very

low-density lipoprotein (VLDL) and intermediate density

lipoprotein (IDL), are lipoprotein particles varying in size,

components, and density (Maiolino et al., 2013; Ivanova et al.,

2017). Of importance, not all LDL-Ps lead to atherosclerosis.

Numerous clinical studies have demonstrated that the initiation

and progression of atherosclerosis is determined by the number,

size, and modification of LDL (Vekic et al., 2022). Particularly,

small dense LDL (sdLDL) is widely distributed in the blood of

patients with ASCVD and is sensitive to modifications, causing

increased occurrence of atherosclerosis (Sekimoto et al., 2021).

Moreover, many studies have clearly indicated that oxidized LDL

(ox-LDL) and endothelium dysfunction are the main risk factors

of atherosclerosis (Chisolm and Steinberg, 2000; Khatana et al.,

2020). The measurements and atherogenic mechanisms of action

of sdLDL and ox-LDL will be discussed in this review.

Apart from maintaining a healthy lifestyle, pharmaceutical

interventions with hypolipidemic drugs, such as statins, are

generally recommended for prevention and treatment of

ASCVD (Gallego-Colon et al., 2020; Mach et al., 2020). In

clinical practice, the effects of non-statin drugs on the

outcome of CVD are inferior to those of statins (Visseren

et al., 2021). As an add-on-statin therapy, proprotein

convertase subtilsin/kexin type 9 (PCSK9) inhibitors (PCSK9i)

have shown powerful effect on lowering LDL as well as ASCVD

events (Cannon et al., 2015; Chaudhary et al., 2017). In this

review, we will make a short review of LDL metabolism, discuss

the discordance between LDL-C and LDL-P, outline the

atherogenic metabolisms of action of sdLDL and ox-LDL,

summarize the methods used for measurement of LDL

subfractions, and conclude the current findings of LDL-

lowering therapies using statins and PCSK9i. The literature in

this article are searching results of the databases including

PubMed and Web of Science primarily using “low-density

lipoprotein particle or LDL-P” as the keyword.

A brief review of LDL

LDL-P is composed of a lipid core that is primarily consisted

of cholesterol, cholesterol ester (CE), and TG, and a shell that is

consisted of phospholipids as well as dozens of proteins, such as

the dominant apolipoprotein (Apo) B (Prassl and Laggner, 2008).

The meaning of LDL varies based on the context. For instance,

this term may refer to LDL-C, LDL-P number, or LDL Apo B

(Rosenson et al., 2010). LDL-P varies in component, size, and

density, while LDL-C specifically represents the cholesterol

contained in the LDL-P (El Harchaoui et al., 2007).

LDL metabolism

ApoB100 is the main structural protein of LDL, and there is

only one ApoB100 molecule in each LDL-P (Young, 1990).

ApoB100 is mostly synthesized in the liver, where Apo

B100 is assembled with TG and other lipids as well as

proteins to produce TG-rich VLDL particles (Figure 1). In

circulation, VLDL particles are converted to IDL and LDL

particles by lipoprotein lipase (LPL) and hepatic lipase (HL),

which hydrolyze TGs in the core of the ApoB-containing

particles including VLDL and chylomicron. As for the origin

of LDL subclasses, Berneis and Krauss (2002) proposed two

pathways dependent on hepatic TG availability. In case of low TG

availability, liver secretes TG-rich VLDL1 and TG-poor IDL2,

which are converted to LDLIII and LDLI particles, respectively

(Figure 2). In case of high TG availability, liver secretes larger

TG-rich VLDL1 and TG-poor VLDL2 particles, which are

converted to LDLIV and LDLII, respectively (Figure 2)

(Berneis and Krauss, 2002). Of note, cholesteryl ester transfer

protein (CETP) mediates lipids exchange (TG and CE) between

ApoB-containing lipoproteins and high-density lipoprotein

(HDL) particles, contributing to the production of CE-

enriched IDL and LDL particles as well as distinct LDL

subclasses (Berneis and Krauss, 2002; Hirayama and Miida,

2012; Ivanova et al., 2017; Liu et al., 2021a).

Approximately 40%–60% of the total LDLs in blood are

cleared by hepatic LDL receptor (LDLR) through binding the

ligand ApoB100 that is carried by LDLs. The rest LDLs in blood

are cleared by either hepatic LDLR-related protein (LRP) and

heparan sulfate proteoglycan (HPSG) or non-hepatic non-

LDLRs that are located at the inner surface of blood vessels

(Mehta and Shapiro, 2022). The metabolism of LDL is

summarized in Figure 1. Of note, LDLR expression is down-

regulated upon increased dietary saturated fat and elevated

hepatic uptake of cholesterol through chylomicrons. On the
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contrary, LDLR expression is up-regulated due to reductions in

dietary fat and hepatic uptake of cholesterol. Non-hepatic

scavenger receptors predominantly located at macrophages are

responsible for engulfing the residual LDLs that are not cleared

by hepatic receptors. Upon stimulation, monocytes penetrate

into the subendothelial space of the artery and turn into

macrophages. Next, these macrophages uptake modified LDL

particles and become foam cells, initiating the formation of

atherosclerotic plaques (Moore et al., 2013). ApoE serves as

the ligand for hepatic clearance of ApoB-containing

lipoproteins, especially chylomicron, from the blood except for

LDL via interacting with ApoE receptors including the LRP1 and

the VLDL receptor, which are not regulated by cellular

cholesterol (Marais, 2019).

LDL-C and LDL-P discordance

Numerous epidemiological studies and clinical trials have

confirmed that LDL is a clinical target for treatment of ASCVD

(Jeyarajah et al., 2007). In general, LDL levels are indirectly

quantified by measurement of LDL-C, the content of

cholesterol packaged in LDL-Ps. However, the content of

cholesterol and other components in LDL-Ps differ from

person to person and change over time due to alterations of

lifestyle as well as drug intervention. Many proteins and enzymes

canmodify the size and components, especially the content of TC

and TG, of LDL particles in circulation (Matyus et al., 2014). Of

note, the expression of the genes and proteins involved in

lipoprotein metabolism also varies among individuals. The

above variable factors lead to the fact that LDL-C cannot

represent the number of LDL-P at most of the situations.

When LDL-Ps are cholesterol-enriched, the levels of LDL-P

number and ApoB will be overestimated by LDL-C levels and

vice versa. For instance, subjects with hypertriglyceridemia have

increased numbers of sdLDL particles that are relatively poor in

cholesterol and CE and rich in TG compared with subjects with

normal TG. Under the circumstances, LDL-C levels are sure to

underestimate LDL-P numbers as well as Apo B100 levels

(Fernández-Cidón et al., 2020). Similarly, LDL-C levels of

subjects with more CE-enriched LDL-Ps, are sure to

overestimate the number of LDL-P and the level of

ApoB100 compared to those with normal or low levels of

LDL-CE. The importance of LDL-Ps or ApoB in coronary

FIGURE 1
Metabolism of LDL. Dietary fat is degraded and then absorbed by intestinal cells for the assembly of chylomicron (CM), which is hydrolyzed by
lipoprotein lipase (LPL) in circulation to produce chylomicron remnant (CMR). In the liver, apolipoprotein B (ApoB) 100 is critical for the generation of
very low-density lipoprotein (VLDL). In blood, plasma VLDL is converted to intermediate low-density lipoprotein (IDL) and low-density lipoprotein
(LDL) via hydrolysis of triglycerides (TGs) by LPL and hepatic lipase (HL). Of note, cholesteryl ester transfer protein (CETP)mediates the exchange
of cholesterol ester (CE) and TG between high density lipoprotein (HDL) and Apo B-containing lipoprotein, leading to the production of small dense
LDL (sdLDL) and small dense HDL (sdHDL), which are atherogenic factors. CMR, IDL, LDL, and sdLDL particles can be cleared by liver through LDL
receptor (LDLR), LDLR-related protein 1 (LRP1), heparan sulfate proteoglycan (HSPG), and other potentially unknown receptors. MTP: microsomal
triglyceride transfer protein.

Frontiers in Physiology frontiersin.org03

Qiao et al. 10.3389/fphys.2022.931931

137

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2022.931931


artery disease (CAD) has been vigorously discussed for over

40 years (Sniderman et al., 2019; Sniderman et al., 2022). Dr.

Sniderman has devoted his whole clinical and research career

since 1973 on the importance of ApoB or LDL-Ps be the

parameter to determine the severity of CAD. He is the first

person to point out LDL-Ps per se, but not LDL-C as the

determinate of CAD. Now, in 2022 the debate is over as

written by Allan D. Sniderman et al. (2022).

Studies have indicated that the level of ApoB100 is a superior

indicator of CVD risk compared with LDL-C (Sniderman et al.,

2012; Sniderman et al., 2019). Each LDL-P consists of one

molecule of ApoB100 (Young, 1990). Thus, the level of

ApoB100 is well-correlated with the number of LDL-P.

Alternatively, LDL-P level is a more convincing predictor of

CVD risk compared with other parameters including LDL-C.

LDL-P number, size, and modification are all important risk

factors for atherosclerosis. The risk of atherosclerosis is

aggravated when both the number and size of LDL-P are

abnormal (Allaire et al., 2017). LDL-Ps with small size are

easier to penetrate the vascular subendothelial space, where

they are engulfed by macrophages, accelerating the formation

of foam cells. Of note, the relationship between LDL-P size and

atherosclerosis risk is affected by LDL-P number. LDL size

becomes a non-causal risk factor for coronary heart disease

(CHD) when LDL-P number is normal (Allaire et al., 2017).

There are certain circumstances, such as inflammation and

infections, cause the modification of native LDL. These

modified LDLs also induce the formation of foam cells

through scavenger receptor-mediated endocytosis (Rafieian-

Kopaei et al., 2014). Collectively, LDL-P number, size, and

modification are interconnected and contribute to the

development of atherosclerosis together.

Detection of LDL subclasses

As shown in Figures 2, 3, LDL-Ps can be divided into three or

four subclasses. The size (diameter) of large (LDL I) and

intermediate (LDL II) LDL ranges from 26.0 to 28.5 nm and

from 25.5 to 26.4 nm, respectively, while the size of sdLDL (LDL

III and LDL IV) is generally less than 25.5 nm on average

(Berneis et al., 2005; Hirayama and Miida, 2012). LDL-Ps can

be divided into different subclasses according to their density,

size, electric charge as well as protein composition. Based on their

physical and chemical properties as listed above, LDL particles

can be separated by different laboratory methods including

ultracentrifugation, gradient gel electrophoresis (GGE), high-

performance liquid chromatography (HPLC), as well as

nuclear magnetic resonance (NMR). In general, results of LDL

subclasses obtained using different methods cannot be compared

FIGURE 2
The proposed mechanisms for production of LDL subclasses I, II, III, and IV. LDL subclasses II, III, and IV can be further modulated by hepatic
lipase (HL) and cholesteryl ester transfer protein (CETP). Of note, LDL subclasses III and IV are responsible for the production of small dense LDL
(sdLDL). LPL: lipoprotein lipase; TG: triglyceride; VLDL, very low-density lipoprotein; IDL2: intermediate density lipoprotein 2; IDL1: intermediate low-
density lipoprotein 1.
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directly due to the distinct characteristics including size and

charge of these particles originated from the different

classification principles.

Ultracentrifugation

As shown in Figure 3, the density of LDL-Ps ranges from

1.019 to 1.060 g/ml. Ultracentrifugation is one of the mostly used

method for separation of LDL-Ps according to their density

(Ivanova et al., 2017). However, the density ranges of LDL

subclasses have been designated differently by distinct groups

(Teng et al., 1983). Differing from the values shown in Figure 3,

the density range of LDL IV is also designated as 1.060–1.063 g/

ml (Hirayama and Miida, 2012; Kanonidou, 2021), and the

density range of LDL I and LDL III are also defined as

1.016–1.028 mg/ml and 1.028–1.043 mg/ml, respectively

(Ivanova et al., 2017). Of note, the traditional gradient

ultracentrifugation is time-consuming, while the vertical auto

profile technique can identify four LDL subclasses

simultaneously in less than an hour (Kulkarni, 2007). It is

worth noting that the density of the obtained LDL subclasses

varies mildly among different ultracentrifugation methods. For

example, the density of the LDL subfractions obtained by

iodixanol gradient ultracentrifugation is lower than that

separated by traditional salt gradient ultracentrifugation

(Davies et al., 2003; Yee et al., 2008). Although

ultracentrifugation can separate LDL with high resolution, this

method has low throughput and may cause overlap of LDL

subclasses as well as destructive alterations due to the centrifugal

forces as recently summarized by Kanonidou (Kanonidou, 2021).

Gradient gel electrophoresis

GGE enables the prepared electrophoretic gel to form pore

gradients from large to small, so that each component in the

sample can pass through the gel with a decreasing pore size

during the electrophoresis process, in order to obtain better

separation (Kanonidou, 2021). GGE is widely used for

separation of LDL subfractions based on size, shape, and

electric charge. In this method, a 2%–16% sodium dodecyl

sulfate-polyacrylamide gradient (SDS-PAGE) gel is generally

used to separation LDL-Ps under non-denaturing conditions

(Ensign et al., 2006). According to the peak diameter, LDL

subclasses are separated into four subclasses including LDL I

(26.0–28.5 nm), LDL II (25.5–26.4 nm), LDL III (24.2–25.5 nm),

and LDL IV (22.0–24.1 nm) based on the calibration curve made

by the standards that run in parallel with samples (Ivanova et al.,

2017; Kanonidou, 2021). Furthermore, the LDL-Ps can be

FIGURE 3
LDL subclasses. Based on the flotation rate, LDL particles can be divided into four subclasses by means of ultracentrifugation. Gradient gel
electrophoresis is another commonly used method for separation of LDL subclasses according to the size, shape, and electric charge. LDL particles
are generally divided into three or four subclasses according to their size (diameter). Presently, LDL III and LDL IV are generally assigned as small
dense LDL (sdLDL), which is lack of anti-oxidant component and easily to be oxidized, initiating the onset and progression of atherosclerotic
cardiovascular disease.
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defined as pattern A (large and intermediate, > 25.5) and pattern

B (small and very small LDL, ≤ 25.5 nm) (Ivanova et al., 2017).

Similar to ultracentrifugation, GGE is also time-consuming and

has a low throughput. Furthermore, this method needs standards

for calibration. The polyacrylamide gel tube electrophoresis

method is better for separation of LDL-Ps than the traditional

GGE method. With the help of specific software, LDL-Ps can be

separated into seven subclasses within 1 hour (Hirany et al.,

2003).

Two-dimensional gel electrophoresis (2D-GE) is also used to

separate LDL particles. In general, 300–500 μg of proteins are

first isoelectric focused on immobilised gradient strips

(pH 3–10). After equilibration, the strips are subjected to 2D-

GE on a gradient SDS-PAGE gel (such as 8%–16%) (Sun et al.,

2010; Ljunggren et al., 2019). This method can identify the

alterations of proteins carried by LDL-Ps, even modifications

of these proteins, in combination with MALDI mass

spectrometry, thereby providing another way for examination

of changes associated with ASCVD (Karlsson et al., 2005; Ke

et al., 2020).

Nuclear magnetic resonance

In the 1H-NMR spectrum, the terminal methyl protons of

lipids under different chemical environments may exhibit

distinct chemical shifts, which can be used to determine the

LDL subclasses by comparation with the data documented in

the libraries (Jeyarajah et al., 2007). According to the 1H-NMR

data, the concentration of the LDL subclasses can be calculated

as well as their size and lipid mass (Aru et al., 2017; Kanonidou,

2021). However, the LDL-P size measured by NMR

(18.0–20.5 nm) is smaller than that determined by GGE.

Therefore, the data obtained by different methods cannot be

directly compared with each other (Kanonidou, 2021).

Compared to ultracentrifugation and GGE, NMR can

analyze samples within minutes without inducing

destructive alterations. Based on the standardized protocols,

the variation of NMR data performed by different labs is far

less than 1% (Centelles et al., 2017). Therefore, NMRmethod is

time-saving and reproducible and has the characteristic of high

throughput.

Fast protein liquid chromatography

Fast protein liquid chromatography (FPLC) method for

detection of lipoprotein subclasses including LDL subclasses

have been reviewed by Okazaki and Yamashita (Okazaki and

Yamashita, 2016) and Kanonidou (Kanonidou, 2021). In

combination with gel permeation columns and post-column

reactions, this method can detect LDL-P size, LDL-P number

as well as the levels of cholesterol and TG at a single run (Okazaki

and Yamashita, 2016). Based on the previous report, FPLC

method is feasible and straightforward.

Clinical chemistry methods

Some commercially available kits and reference reagents have

been developed and released by different companies, such as

Quest and LabCorp in the United States. Traditional lipid testing

measures the amount of LDL-C present in the blood, but it does

not evaluate the number of LDL-P. LDL-P is often used to get a

more accurate measure of LDL due to the variability of

cholesterol content within a given LDL. Studies have shown

that LDL-P more accurately predicts risk of CVD than LDL-C

(Mora et al., 2014; Sniderman et al., 2022). These products have

the characteristic of high throughput and have been used for

common clinical assays in some countries.

Quest diagnostics released a series of advanced testing lipid

panels, which go beyond standard lipid panels to assess

lipoprotein and apolipoprotein risk factors (https://www.

questdiagnostics.com/healthcare-professionals/about-our tests/

cardiovascular/advanced-lipid). Quest provides advanced lipid

testing including LDL-P number, small and medium LDL, LDL

pattern, LDL peak size, and pholipase A2 (Ajala et al., 2020;

Farukhi et al., 2020; Dugani et al., 2021). LabCorp also released

several advanced testing lipid panels to assess the risk of

developing CVD and monitor the treatment of unhealthy

lipid levels (https://www.labcorp.com/help/patient-test-info/

lipid-panel). These methods include LDL-P, ApoB, ApoA-I,

lipoprotein (a), HDL particles, and cardiac risk assessment,

which may provide deeper insights into the residual risk of

patients with CVD (Ajala et al., 2020; Siddiqui et al., 2020).

Furthermore, these companies provide methods for NMR

analysis, such as the Lipo-Profile-3 algorithm (LabCorp)

(Porter Starr et al., 2019; Lo et al., 2022). It is thought that

these values may more accurately reflect heart disease risk in

certain people.

LDL-P testing evaluates LDL particles according to their

concentration in the blood. It may provide useful information to

further evaluate an individual’s CVD risk if one has a personal or

family history of heart disease at a young age, especially if one’s

TC and LDL-C values are not significantly elevated.

Furthermore, Cardio IQ® is one of advanced cardiovascular

testing methods from Quest, which can uncover hidden risk

for heart attack and stroke help and improve the management of

cardiovascular patients by testing emerging biomarkers such as

LDL-P number and subclasses using ion mobility method. The

ion mobility method for measuring lipoprotein subfraction

concentrations is unique in its capability of directly

determining concentrations of the full lipoprotein spectrum

(VLDL, IDL, LDL, and HDL) independent of the particles’

cholesterol composition (Kanonidou, 2021). Ion mobility

determines particle number after separating lipoprotein
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particles by size using gas-phase electrophoresis and directly

counting the size-separated particles (Caulfield et al., 2008; Mora

et al., 2015). Ion mobility method is commercially available from

companies such as Quest.

Other methods

The electrospray differential mobility analysis is also used for

quantification of non-HDL particles. However, the machine

needs to be daily calibrated by the reference standards, whose

nature and composition should be close to the interested samples

(Clouet Foraison et al., 2017). ApoB and non-HDL particles can

also be detected by liquid-chromatography tandem mass

spectrometry, but this method can’t provide information on

lipoprotein subclasses at present (Delatour et al., 2018).

Additionally, the research interest in the electrochemical

immunosensors for the LDL detection has been constantly

growing. Aptamers including oligonucleotides or peptides

have characteristics of high reproducibility and high

throughput. However, these immunosensors cannot detect the

LDL subclasses at present (Rudewicz-Kowalczyk and Grabowska,

2021).

Atherogenic mechanisms of LDL

LDL behaves as a chief risk factor in the initiation and

progression of ASCVD (Ivanova et al., 2017). Of note, the

number, size, as well as modifications of LDL play pivotal

roles in the development of atherosclerosis (Packard, 2006;

Rizzo and Berneis, 2006). Herein, we focus on two kinds of

specific LDLs, sdLDL and ox-LDL, which have great atherogenic

effects.

sdLDL in atherosclerosis

As shown in Figure 3, the size of LDL-Ps ranges from large to

small, and sdLDL is generally designated as small and very small

LDL subclasses (Rosenson et al., 2010). It has been demonstrated

that sdLDL is more atherogenic than large and intermediate LDL

subclasses (Nikolic et al., 2013; Ivanova et al., 2017). Elevated

levels of sdLDL are linked to atherosclerosis in many conditions,

such as hyperlipidemia, metabolic syndrome, diabetes, and other

disorders (Toledo et al., 2006; Cali et al., 2007; Fukushima et al.,

2011). For instance, the proportion of sdLDL can be used to

predict the elevated intima-media thickness (IMT) as well as

insulin resistance in patients with diabetes (Gerber et al., 2013).

The size of LDL-Ps decreases as insulin resistance becomes more

severe (Garvey et al., 2003; Bonilha et al., 2021). Of note, the

elevated levels of carotid IMT and sdLDL are correlated with

other well-known risk factors of CVD including sex, age,

genetics, as well as unhealthy habits such as smoking.

Furthermore, sdLDL cholesterol is reported to be a superior

indicator of CVD risk compared to other risk factors as listed

above (Shen et al., 2015). The convincing correlation between

sdLDL cholesterol and CHD is established in a prospective study

involving 11,419 participants (Hoogeveen et al., 2014). Another

study also indicates that sdLDL cholesterol is a better predictor of

CHD than LDL-C (Ivanova et al., 2017).

Compared with large and intermediate LDL subclasses,

sdLDL particles are more atherogenic. The small size makes

sdLDL easily penetrate into the subendothelial space, where they

bind more avidly to the glycosaminoglycans and are engulfed by

macrophages to promote the formation of atherosclerotic

plaques (Sniderman et al., 2019). Compared to large LDL-P,

the longer circulation time of sdLDL provides more chances for

its penetration into the subendothelial space (Carmena et al.,

2004; Ivanova et al., 2017). In vitro, sdLDL particles are easier to

be engulfed by macrophages compared with larger and less dense

LDL-Ps. The potential reasons are: 1) sdLDL is more sensitive to

oxidation; 2) sdLDL has a stronger binding ability to

proteoglycans located at the endothelium lining (Alsaweed,

2021). Furthermore, the elevated plasma levels of sdLDL are

generally accompanied with reduced levels of HDL-C and Apo

A-I, and elevated levels of TG and ApoB. It has been well-

documented that HDL and Apo A-I are atheroprotective, while

TG- and ApoB-containing lipoproteins are atherogenic

(Diffenderfer and Schaefer, 2014; Zhang et al., 2022).

Ox-LDL in atherosclerosis

The higher the amount of LDL being trapped in the

subendothelium, the faster the atherosclerotic plaque evolves

(Rosenson and Underberg, 2013; Liu et al., 2021b; Lin et al.,

2021). It is worth noting that only after modifications, such as

oxidation and desialylation, LDL particles become atherogenic.

Of note, ox-LDL has been a major risk factor in atherosclerosis

(Mitra et al., 2011; Ahmadi et al., 2021; Lin et al., 2021).

Reactive oxygen species (ROS) and reactive nitrogen species

are important contributors of LDL oxidation. In the vessels,

reactive species can be produced by nicotinamide adenine

dinucleotide phosphate (NADPH) oxidase, xanthine oxidase,

lipoxygenases, cyclooxygenase, myeloperoxidases, nitric oxide

synthase, and uncoupled endothelial nitric oxide synthetase,

dysfunctional mitochondria as well as metal ion catalysis

(Kattoor et al., 2017; Malekmohammad et al., 2019). The

subendothelial space is the presumed site of LDL oxidation

(Matsuura et al., 2008). Lipids of LDL are the primary targets

of reactive species. Lipid peroxidation includes peroxidation of

phospholipid and CE at the polyunsaturated fatty acid moieties.

This process generates more reactive aldehyde products and

metabolites including malondialdehyde and 4-hydroxynoneal

which are linked to ApoB, phosphatidylserine, and
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phosphatidylethanolamine, through building adduct with Schiff-

base lysine residue (Niki and Noguchi, 1997; Khatana et al.,

2020). In general, CE 18:2 hydroperoxide, CE 18:2 hydroxide,

phosphatidylcholine hyderoperoxide, ketone, oxidized ApoB,

oxidized sphingomyelin, and 7-ketocholesterol are major

oxidized components of ox-LDL (Yoshida and Kisugi, 2010;

Khatana et al., 2020). The mechanisms of action of LDL

oxidation have been reviewed by distinct groups (Yoshida and

Kisugi, 2010; Khatana et al., 2020; Koschinsky and Boffa., 2022).

A recent in vitro study suggests that riboflavin-sensitized

photooxidation is also a potential mechanism of LDL

oxidation and this process is critical for the development of

CVD (Yeo and Shahidi, 2021). However, the above novel

mechanism needs to be verified in vivo in future.

Some antioxidants are found to counteract the oxidation

process. The enzymatic antioxidants in the blood vessels are

superoxide dismutase, glutathione peroxidase, catalase,

paraoxonase, and thioredoxin reductase (Kattoor et al., 2017).

The non-enzymatic antioxidants include glutathione, coenzyme

Q/coenzyme QH2, uric acid, bilirubin, lipoic acid, Vitamin E,

and Vitamin C (Siekmeier et al., 2007; Malekmohammad et al.,

2019). These antioxidants exert important protective functions

against oxidation. For instance, glutathione, a cofactor for

glutathione peroxidase scavenges hydroxide, hypochlorous

acid, and peroxinitrite, thus modulates atherosclerosis (Pastore

and Piemonte, 2013). Coenzyme Q improves endothelial

function by scavenging peroxyl radicals (Moss and Ramji,

2016). The mechanisms of action of these antioxidants have

been well documented by Malekmohammad et al. (2019) and

Kattoor et al. (2017).

Of importance, ox-LDL and macrophages are involved in the

whole process of atherosclerosis from plaque initiation to plaque

progression, rupture, or even regression (Liu et al., 2021a; Lin

et al., 2021). Ox-LDL elicits atherosclerotic events right from

their production in the subendothelium. Ox-LDL, via lectin-like

ox-LDL receptor (LOX1) and other factors, activates

endothelium for a number of events: adherence of LDL,

monocytes, and platelets; secretion of chemokines and growth

factors; production of ROS; impairing NO secretion; and so on.

Scavenger receptors, CD36, and LOX1 assist the uptake of ox-

LDL by monocyte-derived macrophages in the subendothelium

(Kattoor et al., 2019). Growth factors mediate proliferation of

smoothmuscle cell and formation of extracellular matrix. Platelet

adherence and accumulation are also, in part elicited by ox-LDL

which result into a rupture prone thrombus (Kruth et al., 2002;

Yoshida, 2010; Khatana et al., 2020; Liu et al., 2021b; Lin et al.,

2021). The mechanisms of action of ox-LDL-induced

atherosclerosis have been well-documented (Matsuura et al.,

2008; Khatana et al., 2020; Jiang et al., 2022).

The plasma level of ox-LDL is positively associated with the

severity of CVD, suggesting ox-LDL is a valuable biomarker of

CVD (Ivanova et al., 2017). Presently, several immunological

techniques with high sensitivity and reproducibility have been

developed for measurement of ox-LDL (Kohno et al., 2000; Fang

et al., 2002). The methods using antibodies that are specifically

binds to the oxidized components of LDL are sure to improve the

detection efficiency and accuracy of ox-LDL. However, these

methods are different in principle and operation procedures.

Controversial results may be obtained via distinct detection

methods (Itabe and Ueda, 2007).

Therapies targeting LDL-P

The 2022 American College of Cardiology (ACC)/American

Heart Association (AHA)/American Heart Failure Society

(HFSA) guidelines support the use of statins to prevent CVD

events (Heidenreich et al., 2022). In clinical practice, “the lower

the better” is still a widely accepted principle for lowering LDL-C.

Except for statins, other hypolipidemic agents are also applied for

treatment of dyslipidemias. Presently, the overall effect of non-

statins is inferior to that of statins. However, PCSK9i show

attractive lipid-lowering and anti-atherosclerotic effects in

practice (Cannon et al., 2015; Chaudhary et al., 2017; Guo

et al., 2020). As we reviewed recently, angiopoietin-like

protein (ANGPTL), such as ANGPTL3, plays a key in

regulation of both cholesterol and TG via inhibition of LPL

(Zhang et al., 2022). The antisense oligonucleotide of

ANGPTL3 has been applied to familial hypercholesterolemia

and is now in phase 3 clinical trial (Graham et al., 2017). In the

following, we will briefly review the hypolipidemic effects and

mechanisms of action of statins and PCSK9i.

Statin therapy

Mechanistically, statins primarily reduce the serum level of

cholesterol by inhibiting the activity of HMG-CoA reductase.

HMG-CoA reductase is the rate-limiting enzyme for cholesterol

formation in the liver and other tissues. By inhibiting HMG-CoA

reductase, statins reduce the hepatocyte cholesterol content,

stimulate the expression of LDLR, and ultimately enhance

removal of LDL-C from the circulation (Toth, 2010). Except

for lowering LDL-C, recent studies suggest that statins can

effectively reduce the number of LDL-P (Folse et al., 2014;

Heidenreich et al., 2022). However, statins are more effective

in reducing LDL-C than lowering LDL-P. Furthermore, hepatic

LDLR is not effective in clearance of sdLDL compared to normal-

sized LDL. Therefore, a proportion of patients treated with

statins remain high levels of LDL-P due to the discordance

between LDL-C and LDL-P (Folse et al., 2014). The

inefficiency of statins in reduction of LDL-P may explain, at

least in part, the residual CVD risk in patients who have achieved

the recommended LDL-C goals (Wong et al., 2017). A series of

study have suggested that statin therapy guided by reductions in

LDL-P can further decrease the CVD risk compared with that
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guided by LDL-C alone in high-risk patients. Thus, LDL-P

guided therapy is an effective way to reduce the residual CVD

risk. Furthermore, statin therapy is reported to reduce the level of

plasma ox-LDL in patients with different diseases such as acute

ischemic stroke (Tsai et al., 2014; Mansouri et al., 2022). As

reviewed recently, statins are found to modulate the nuclear

factor erythroid two related factor 2/heme oxygenase-1 signaling

pathway in different diseases (Mansouri et al., 2022).

Most LDL-Ps are cleared by LDLR that located at the surface

of hepatocytes. Upon binding, LDL-P and LDLR are combined to

form a complex that is endocytosed by hepatocytes. In general,

the LDL and LDLR complex will separate in endosome and the

released LDLR is transported back to the surface of hepatocytes

to capture LDL-Ps again, further reducing the plasma LDL level.

LDL-Ps, on the other hand, are degraded in lysosomes. These

mechanisms of action of LDLR are summarized in Figure 4A. Of

note, statins upregulate LDLR through sterol regulatory binding

protein-2, which also enhance the expression of PCSK9.

Accumulating evidence have demonstrated that

PCSK9 induces the formation of LDLR-PCSK9 complex,

leading to the degradation of LDLR in lysosomes, thereby

reducing LDLR recycling and LDL-P clearance (Guo et al.,

2020; Kong et al., 2022).

PCSK9i

Statin intervention is associated with side effects as well as

intolerability. Of importance, a proportion of patients with

hyperlipidemias fail to meet the targeted LDL-C levels even

using the maximum tolerated dose of statin (De Backer et al.,

2019). Furthermore, clinical data have displayed that > 70% of

patients with ASCVD fail to reach the recommended level of

LDL-C < 70 mg/dl (Adhyaru and Jacobson, 2018). Of note,

PCSK9 inhibition enhances the amount of hepatic LDLRs,

leading to a substantial decrease of LDL-Ps in circulation.

PCSK9i can be divided into three categories: 1) monoclonal

antibodies or mimic antibody proteins which directly inhibit

PCSK9 protein from binding to LDLR; 2) small interfering RNA

(siRNA) and antisense oligonucleotides which inhibit

PCSK9 production via gene silencing; 3) small molecules with

multiple modulatory functions. The mechanisms of action of

FIGURE 4
PCSK9-mediated LDLR degradation and the working models of PCSK9 inhibitors. (A) PCSK9-mediated LDLR degradation. Heparan sulfate
proteoglycan (HSPG) located at the hepatic surface captures PCSK9, enhancing the binding between PCSK9 and LDLR. Upon binding, the PCSK9-
LDLR complex is internalized and transferred to endosome, where PCSK9 binds LDLR with an even higher affinity. Finally, the complex is transported
to the lysosome for degradation. (B) working models of PCSK9 inhibitors. PCSK9 inhibitors may inhibit PCSK9-LDLR interactions,
PCSK9 production, transcription, and secretion. The PCSK9 expression is regulated by sterol regulatory binding protein-2 (SREBP-2) and hepatocyte
nuclear factor 1α (HNF-1α).

Frontiers in Physiology frontiersin.org09

Qiao et al. 10.3389/fphys.2022.931931

143

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2022.931931


PCSK9i are shown in Figure 4B. Of importance, PCSK9i reduce

the production of LDL-Ps, while statins do not change the

production rate of LDL-Ps (Sniderman et al., 2017). As

mentioned previously, statins increase the level of

PCSK9 which reduces LDLR recycling and LDL-P clearance.

Therefore, PCSK9i have different LDL-P-lowering effects and

mechanisms compared to statins.

Besides, PCSK9i play a potential role in modulating the

production of ox-LDL. Several studies demonstrated that

elevated circulating PCSK9 directly enhances platelet

activation, which induces CVD (Cammisotto et al., 2020; Qi

et al., 2021). PCSK9i treatment inhibits platelet activation by

modulating ox-LDL production and ox-LDL-mediated

signaling pathway (Cammisotto et al., 2021). As reviewed

recently, PCSK9 enhances the expression of NADPH oxidase

and promotes the production of ROS and ox-LDL; PCSK9i can

reduce oxidative stress via improving the activity of

antioxidants such as glutathione peroxidase, superoxide

dismutase, and catalase, thereby counteracting lipid

peroxidation, the production of ox-LDL as well as cell

damage (Cammisotto et al., 2022). Of note, pre-clinical trials

have reported an independent association between plasma

levels of PCSK9 and small LDL subfractions in patients with

established CVD (Zhang et al., 2015; Lankin et al., 2018). A

novel PCSK9 inhibitor RG7652 is reported to reduce both the

small and large LDL-Ps, but the median percentage change is

lower for the smaller LDL-Ps compared to the larger LDL-Ps

(−43% vs. −81% from baseline), and 11 of the 45 patients

showed an increase in the small LDL-Ps at the end of the

study (Baruch et al., 2017). The PCSK9 monoclonal antibodies,

alirocumab and evolocumab, are also reported to reduce larger

LDL-Ps more powerfully than small LDL-Ps (Koren et al., 2015;

Wu et al., 2017). To summarize, PCSK9 inhibitors seem to be

effective at lowering all LDL subfractions, but with a trend

towards a more efficient lowering of the larger LDL

subfractions.

The development of PCSK9 monoclonal antibodies

including evolocumab and alirocumab have been

demonstrated to lower LDL-C levels as well as CVD risks

(Hadjiphilippou and Ray, 2017; Schwartz et al., 2018).

However, the biweekly or monthly subcutaneous injection of

these antibodies has been a major concern for patient

compliance. The siRNA, inclisiran, is developed to target and

reduce the gene expression of PCSK9 by approximately 80% in all

three Phase III ORION studies (Hardy et al., 2021; Henney et al.,

2021). Inclisiran markedly reduces hepatic generation of PCSK9,

causing a profound decrease in LDL-C level > 50% compared

with control. Of note, this synthetic siRNA can maintain its

pharmacological effects within half a year. However, whether

inclisiran can reduce CVD outcomes is still being evaluated at

present (ORION-4). Additionally, assessment of the long-term

tolerability, efficacy, and safety of inclisiran needs to be

continued based on a larger group of patients (Merćep et al.,

2022). The gene therapy targeting PCSK9 has been reviewed

recently by different research groups (Henney et al., 2021;

Miname et al., 2021; Katzmann et al., 2022).

Cost-effective small-molecules with specific

PCSK9 inhibition activity is an attractive research field. The

advances of these inhibitors including derivatives of guanidine,

berberine, piperidine, imidazole, and benzimidazole, have been

well-documented recently by Ahamad et al. (2022). Of note,

accumulating evidence have demonstrated that natural products

are an important resource for discovery of PCSK9i. These natural

products include berberine, lupin, quercetin, resveratrol, and

others as reviewed by several groups (Ahamad et al., 2022;

Waiz et al., 2022). Mechanistically, these small molecules may

directly inhibit PCSK9-LDLR interactions, PCSK9 production,

transcription, and secretion (Ahamad et al., 2022). Although

some advances have been achieved, none of these small-molecule

PCSK9i has been approved by the Food and Drug

Administration of any country.

Conclusion and future perspetive

Recent studies have demonstrated that LDL-P is a superior

indicator of ASCVD risk than LDL-C. Of note, LDL-Ps are

divided into various subclasses which vary in atherogenicity.

SdLDL and ox-LDL are found to be more atherogenic

compared with other LDL-Ps. However, study of the roles of

these LDL subclasses, such as sdLDL, in the development of

ASCVD is not easy because distinct methods may obtain

different LDL subclasses with distinct physiochemical

properties. At present, it is still early to determine which of

the available methods is the most accurate and suitable for

clinical use. Therefore, it is impelled to explore standard

methods for preparation and evaluation of these LDL

subclasses. Quest and LabCorp in the United states have

established some commercially available methods for clinical

assays with high throughput.

Statins are effective in reducing LDL-C level and even in

decreasing LDL-P number. However, statin intervention is

associated with side effects as well as intolerability.

Furthermore, a large number of patients fail to reach the

desirable LDL-C goals even with the maximum tolerated

doses of statins. Furthermore, statin intervention enhances the

levels of PCSK9, which accelerates LDLR degradation, causing

the reduced ability of statins for lowering LDL-P number. Of

note, PCSK9 monoclonal antibodies increase the expression of

LDLR proteins, leading to profound reductions in plasma levels

of LDL-P. Although PCSK9 siRNA therapy exhibits powerful

effects, the long-term tolerability, efficacy, and safety need to be

investigated in more participants. At present, the usage of

PCSK9i is restricted to secondary prevention in patients with

high CVD risks due to the high expense. In the future, the cost-

effective small-molecules with specific PCSK9 inhibitory ability
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may reduce the manufacturing costs and promote the usage of

PCSK9i for primary prevention of ASCVD.
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Glossary

Apo B apolipoprotein B

ASCVD atherosclerotic cardiovascular disease

CAD coronary artery disease

CE cholesterol ester

CETP cholesteryl ester transfer protein

CHD coronary heart disease

CVD cardiovascular disease

FPLC fast protein liquid chromatography

GGE gradient gel electrophoresis

HDL high-density lipoprotein

HPLC high-performance liquid chromatography

HPSG heparan sulfate proteoglycan

IDL intermediate density lipoprotein

IMT intima media thickness

LDL low-density lipoprotein

LDL-C low-density lipoprotein cholesterol

LDL-P low-density lipoprotein particle

LDLR low-density lipoprotein receptor

LOX1 lectin-like ox-LDL receptor

LRP-1 low-density lipoprotein receptor-related protein 1

MTP microsomal triglyceride transfer protein

NADPH nicotinamide adenine dinucleotide phosphate

NMR nuclear magnetic resonance

ox-LDL oxidized low-density lipoprotein

PCSK9 proprotein convertase subtilsin/kexin type 9

PCSK9i proprotein convertase subtilsin/kexin type 9 inhibitor

ROS reactive oxygen species

sdLDL small dense low-density lipoprotein;

siRNA small interfering RNA

TG triglyceride

VLDL very low-density lipoprotein

WHO World Health Organization

2D-GE two-dimensional gel electrophoresis

Frontiers in Physiology frontiersin.org15

Qiao et al. 10.3389/fphys.2022.931931

149

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2022.931931


Advantages  
of publishing  
in Frontiers

OPEN ACCESS

Articles are free to read  
for greatest visibility  

and readership 

EXTENSIVE PROMOTION

Marketing  
and promotion  

of impactful research

DIGITAL PUBLISHING

Articles designed 
for optimal readership  

across devices

LOOP RESEARCH NETWORK

Our network 
increases your 

article’s readership

Frontiers
Avenue du Tribunal-Fédéral 34  
1005 Lausanne | Switzerland  

Visit us: www.frontiersin.org
Contact us: frontiersin.org/about/contact

FAST PUBLICATION

Around 90 days  
from submission  

to decision

90

IMPACT METRICS

Advanced article metrics  
track visibility across  

digital media 

FOLLOW US 

@frontiersin

TRANSPARENT PEER-REVIEW

Editors and reviewers  
acknowledged by name  

on published articles

HIGH QUALITY PEER-REVIEW

Rigorous, collaborative,  
and constructive  

peer-review

REPRODUCIBILITY OF  
RESEARCH

Support open data  
and methods to enhance  
research reproducibility

www.frontiersin.org

	Cover
	Frontiers eBook Copyright Statement
	Lipid Metabolism and Human Diseases, 2nd Edition 
	Table of Contents
	Editorial: Lipid Metabolism and Human Diseases 
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References

	Metabolomic Characterization of Fatty Acids in Patients With Coronary Artery Ectasias
	Background
	Materials and Methods
	Results
	Study Design and Baseline Patient Characteristics
	Metabolic Profiles of Fatty Acids in Plasma From Different Subjects
	Defining of a Potential Metabolic Biomarker for Coronary Artery Ectasia
	Validation of the Diagnostic Performance of the Biomarker Panel for Coronary Artery Ectasia

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References

	Monocyte to High-Density Lipoprotein Cholesterol Ratio at the Nexus of Type 2 Diabetes Mellitus Patients With Metabolic-Associated Fatty Liver Disease
	Introduction
	Methods
	Study Population
	Clinical and Biochemical Parameters
	Measurement of Visceral Fat Area
	Calculation of MHR and Other Inflammatory Markers
	Assessment of Fatty Liver by Ultrasonography
	Calculation of the NAFLD Fibrosis Score 
	Statistical Analysis

	Results
	The Clinical, Biochemical, and Inflammatory Characteristics of Patients
	Subgroup Analysis of the Clinical and Laboratory Characteristics Based on BMI in Patients With MAFLD
	Correlation of MHR With Other Parameters in the Whole Study Population or MAFLD With T2DM Patients
	Evaluation of the Impact of MHR on MAFLD With T2DM
	The Clinical and Biochemical Characteristics According to MHR Quartiles
	The Prevalence of MAFLD Among Different Quartiles of MHR
	Distribution of Metabolic Dysfunction in Patients With MAFLD Among Different Quartiles of MHR 

	Discussion
	Limitation

	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References

	Fatty Acid Metabolism and Idiopathic Pulmonary Fibrosis
	Introduction
	The Fatty Acid Metabolic Pathway
	Fatty Acid Synthesis
	Fatty Acid Oxidation
	Fatty Acid Derivation and Derivatives

	Alterations in Fatty Acid Metabolism in Pulmonary Fibrosis
	Aberrant Fatty Acid Metabolism Contributes to Idiopathic Pulmonary Fibrosis Pathogenesis
	Impact on Epithelial Cell Switch to a Pro-fibrotic Phenotype
	Modulation of Macrophage Polarization
	Activation of Fibroblasts/Myofibroblasts

	Potential Therapeutics Targeting the Fatty Acid Metabolic Pathway in Idiopathic Pulmonary Fibrosis Treatment
	Conclusion
	Author Contributions
	Funding
	Supplementary Material
	References

	Acid-Sensing Ion Channel 1/Calpain1 Activation Impedes Macrophage ATP-Binding Cassette Protein A1-Mediated Cholesterol Efflux Induced by Extracellular Acidification
	Introduction
	Materials and Methods
	Materials
	Cell Culture and Treatment
	Cell Viability Assay
	Oil Red O Staining
	Western Blot Assay
	Real-Time Quantitative PCR
	Detection of Triglycerides and Total Cholesterol Contents
	Immunofluorescent Staining Assay
	ATP-Binding Cassette Protein A1-Mediated Cholesterol Efflux Assay
	Statistical Analysis

	Results
	Extracellular Acidification Increases Intracellular Lipid Accumulation
	Extracellular Acidification Promotes the Expressions and Translocation of Acid-Sensing Ion Channel 1 in RAW 264.7 Cells
	Extracellular Acidification Promotes Calpain1 Expression via Acid-Sensing Ion Channel 1 Activation
	Extracellular Acidification Inhibits ATP-Binding Cassette Protein A1 Expression and ATP-Binding Cassette Protein A1-Mediated Cholesterol Efflux
	Extracellular Acidification Increases Lipid Accumulation and Decreases ATP-Binding Cassette Protein A1-Mediated Cholesterol Efflux via Acid-Sensing Ion Channel 1 Activation
	Extracellular Acidification Promotes Lipid Accumulation and Inhibits ATP-Binding Cassette Protein A1-Mediated Cholesterol Efflux via Acid-Sensing Ion Channel 1/Calpain1 Pathway

	Discussion
	Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	Supplementary Material
	References

	Multidrug Resistance-Associated Protein 2 Deficiency Aggravates Estrogen-Induced Impairment of Bile Acid Metabolomics in Rats
	Introduction
	Materials and Methods
	Chemicals
	Animal Study
	Analytical Methods
	Quantification of Gene and Protein Expression Levels
	Statistical Analysis

	Results
	Mrp2 Deficiency Alters Plasma Biochemical Parameters
	Loss of Mrp2 Impairs Biliary Secretion of BAs
	Intestinal Reabsorption of BAs Is Reduced in Mrp2-Deficient TR Rats
	Ethinylestradiol Further Increases Already Raised Plasma BA Concentrations in TR Rats
	Executive Pathways of BA Enterohepatic Recycling Are Impaired in TR Rats
	Nrf2 Was the Major Regulatory Pathway of BA Metabolomics Activated in TR Rats

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	References
	Glossary

	Smooth Muscle Cell—Macrophage Interactions Leading to Foam Cell Formation in Atherosclerosis: Location, Location, Location
	Introduction
	Appearance and Role of Smooth Muscle Cells and Macrophages in Early Human and Mouse Atherosclerosis
	Distribution of SMCs and Macrophages in Human Atherosclerosis
	Initial Lipid Deposition in DIT
	Fatty Streak to Pathological Intimal Thickening

	The Early and Direct Interaction Between SMCs and Macrophages in Mouse Lesions
	The Predominant Role of Macrophages in Early Atherosclerosis in Mice
	Early Macrophage Infiltration and Progressive Medial SMC Influx in Mouse Intima
	Smooth Muscle Cell—Macrophage Interactions Leading to Foam Cell Formation in Atherosclerosis

	Mediators and Regulation of Macrophage Foam Cell Formation
	Scavenger Receptor-Dependent Macrophage Foam Cell Development
	Scavenger Receptor-Independent Macrophage Foam Cell Formation
	Influence of Macrophage Polarization on Foam Cell Development

	Mediators and Regulation of SMC Foam Cell Formation
	Scavenger Receptor-Dependent SMC Foam Cell Development
	Scavenger Receptor-Independent SMC Foam Cell Development

	SMC-Macrophage Interactions in Foam Cell Development
	Cell-Cell Interactions Between SMCs and Macrophages
	Indirect Interactions Between SMCs and Macrophages
	In vitro Models for the Study of SMCs-Macrophages Interactions in Atherosclerosis

	Potential Role of Macrophage-SMC Interactions in Promoting Cholesterol Efflux From Foam Cells, and Potential Therapeutic In ...
	Conclusion
	Author Contributions
	Funding
	References

	Fatty Acid Profiling in Facial Sebum and Erythrocytes From Adult Patients With Moderate Acne
	Introduction
	Materials and Methods
	Study Population
	Sample Collection
	Sample Preparation
	GC-MS Analysis
	Statistical Analysis

	Results
	Subject Demographics
	FA Profiles in Sebum
	FA Profile of Erythrocytes in Subjects
	Correlation of FA Levels With Those in the Sebum and Blood
	Correlation of IGF1 Levels and FA Composition From Sebum

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References

	Pathogenesis of Alcohol-Associated Fatty Liver: Lessons From Transgenic Mice
	Introduction
	Alcohol’s Effects on Hepatic Lipid Metabolism
	Hepatic FA Uptake
	Mitochondrial β-Oxidation
	De Novo Lipogenesis
	Evidence From Srebp1c−/− Mice
	Evidence From Scd1−/− Mice

	Triglyceride Metabolism and Lipid Droplet Formation
	Evidence From Pparγ Transgenic Mice
	Evidence From Dgat1−/− Mice
	Evidence From Ces1−/− Mice
	Evidence From Plin2−/− Mice

	Concluding Remarks
	Limitations of Transgenic Mouse Models
	Knowledge Gaps and Future Directions
	Conclusion

	Author Contributions
	Funding
	References

	Both Caffeine and Capsicum annuum Fruit Powder Lower Blood Glucose Levels and Increase Brown Adipose Tissue Temperature in Healthy Adult Males 
	Introduction
	Research design and methods
	Participants
	Study design
	Indirect calorimetry
	Core temperature measurements
	Plasma blood glucose measurements
	Anthropometric measurements
	Cardiovascular measurements
	Infrared thermography
	Data/statistical analysis

	Results
	Participant’s characteristics
	Caffeine and C. annuum effects on substrate utilization and blood glucose levels
	Caffeine and C. annuum effects on total energy expenditure
	Caffeine and C. annuum effects on temperature of the supraclavicular region
	Caffeine or C. annuum effects on cardiovascular measures

	Discussion
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References

	A High-Fat Diet Disrupts Nerve Lipids and Mitochondrial Function in Murine Models of Neuropathy
	Introduction
	Materials and Methods
	Mouse Model Description
	Untargeted Lipidomics Profiling
	Untargeted Lipidomics Data Preprocessing and Analysis
	Identifying Important Lipid Species
	Mitochondrial Bioenergetics Analysis
	Mitochondrial Copy Number Analysis

	Results
	Tissue Lipidomics Profiling of HFD BL6, BTBR, and BKS Mice
	Triglycerides and Diacylglycerols
	Phospholipids
	Lysophospholipids and Plasmalogens
	Liver and Plasma Lipid Profiles
	Top Lipids Contributing to Peripheral Neuropathy in BL6 HFD-Fed Animals
	HFD Impairs Mitochondrial Bioenergetics Within DRG Neurons and the Sural Sensory Nerve

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References

	Low-density Lipoprotein Particles in Atherosclerosis
	Introduction
	A brief review of LDL
	LDL metabolism
	LDL-C and LDL-P discordance

	Detection of LDL subclasses
	Ultracentrifugation
	Gradient gel electrophoresis
	Nuclear magnetic resonance
	Fast protein liquid chromatography
	Clinical chemistry methods
	Other methods

	Atherogenic mechanisms of LDL
	sdLDL in atherosclerosis
	Ox-LDL in atherosclerosis

	Therapies targeting LDL-P
	Statin therapy
	PCSK9i

	Conclusion and future perspetive
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References
	Glossary 

	Back cover



