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Preface to ”Dietary Nutrients Effects on Metabolic

and Physiological Adaptations: Mechanisms of

Action in Health and Disease”

Changes in lifestyle and the shift from a traditional to an industrialized/Westernized diet

have drastically increased the rates of diet-related chronic diseases, such as overweight and obesity,

cardiovascular diseases, diabetes, hypertension, stroke, and cancers. The physiological mechanisms

of action of nutritional compounds are closely associated with their ability to recognize and modulate

specific cellular enzymes as well as metabolic pathways. The identification of these targets is essential

to recognize the true mechanisms of action of nutritional compounds and their direct or indirect

effects on cellular processes and functions in physiological and pathological conditions.

This book is dedicated to increasing and updating our knowledge on the association between

dietary patterns and diet-related diseases. It is focused on the molecular, biochemical, and

physiological processes underlying the mechanisms of action of nutritional compounds and other

dietary components. The book collects topics regarding the effects of nutrients on physiological

functions and systems, cellular and molecular processes, energy homeostasis, and human diseases.

The book explores the need for food in addition to the interactions between health and diet, and

provides a foundation of scientific knowledge for the interpretation and evaluation of future advances

in nutrition and health sciences.

This book is relevant to any student or practitioner interested in how diet influences our health,

including in the fields of nutrition, dietetics, medicine, and public health.

Anna M. Giudetti

Editor
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Abstract: Excessive triglyceride accumulation in lipid-metabolizing tissues is associated with an
increased risk of a variety of metabolic diseases. Kamishoyosan (KSS) is a Kampo composed of
10 constituent herbs, and contains moutan cortex (MC) and paeonol (PN) as the major ingredient
of MC. Here, we demonstrate the molecular mechanism underlying the effect of KSS on the
differentiation of mouse preadipocytes (3T3-L1 cells). KSS inhibited the accumulation of triglycerides
in a dose-dependent manner in 3T3-L1 cells that were induced to differentiate into adipocytes. We also
found that MC and PN were responsible for the anti-adipogenetic effect of KSS and significantly
suppressed the expression of CCAAT/enhancer-binding proteins-δ (C/EBP-δ) mRNA 3 days after the
induction of differentiation. Thus, PN may contribute to the anti-adipogenetic property of MC in
3T3-L1 cells. In addition, PN inhibited dexamethasone (Dex)-induced glucocorticoid receptor (GR)
promoter activity. Taken together, these results suggest that PN suppresses C/EBP-δ expression by
inhibiting Dex-induced GR promoter activity at the early stage of differentiation and, consequently,
delays differentiation into mature adipocytes. Our results suggest that the habitual intake of
Kampo-containing PN contributes to the prevention of the onset of metabolic diseases by decreasing
the excessive accumulation of triglycerides in lipid-metabolizing tissues.

Keywords: adipocyte; Kamishoyosan; Moutan cortex; paeonol; C/EBP-δ; glucocorticoid receptor;
Kampo medicine

1. Introduction

Metabolic syndrome is a cluster of metabolic disorders that are associated with numerous
lifestyle-related risk factors [1]. Intracellular lipid accumulation is a common feature in the pathogenesis
of a variety of lifestyle-related diseases such as cardiovascular disease, fatty liver, type 2 diabetes,
and dyslipidemia [2–6]. Prevention and control of lifestyle-related diseases is a major public health
concern, especially in developed countries.

The 3T3-L1 cell line is one of the adipocyte cell models used to study lipid metabolism in vitro [7].
A mixture of dexamethasone (Dex), 3-isobutyl-methylxanthine (IBMX), and insulin (hereafter DMI)
can efficiently differentiate 3T3-L1 cells into mature adipocytes [8]. Differentiation of adipocytes can be
largely divided into the early stage and the late stage. Adiponectin is a bioactive factor secreted from
differentiated adipocytes [9]. We focused on CCAAT/enhancer-binding proteins (C/EBPs), forkhead
transcription factor 1 (FoxO1), and peroxisome proliferator-activated receptor-gamma (PPAR-γ)
transcription factors as the markers of adipocyte differentiation as well as adiponectin. C/EBPs are
a family of six gene members, among which C/EBP-δ and C/EBP-β are expressed at the early stage,
and C/EBP-α or PPAR-γ are expressed at the late stage of adipocyte differentiation [10,11]. Knockdown

Nutrients 2020, 12, 309; doi:10.3390/nu12020309 www.mdpi.com/journal/nutrients

1



Nutrients 2020, 12, 309

of either C/EBP-δ or C/EBP-β (in combination or independently) suppresses the differentiation of
primary embryonic fibroblasts into mature adipocytes and lipid accumulation [12]. The expression
of PPAR-γ is induced in response to insulin, and it increases glucose uptake in adipocytes [13,14].
FoxO1 is a transcription factor containing characteristic a winged helix structure termed the Forkhead
box. FoxO1 is involved in the commitment of the early stage of adipogenesis by insulin via Akt and
FoxO1 phosphorylation by the insulin signaling [15].

Traditional Japanese herbal medicine (Kampo medicine) was originally based on traditional
Chinese medicine but was adapted to Japanese culture [16,17]. Kamishoyosan (KSS, Chinese name:
Jiaweixiaoyaosan, Korean name: Gamisoyosan) is a complex drug composed of 10 herbs. It is prescribed
for climacteric disorder, dysmenorrhea, neurosis, and in cancer supportive therapy [18,19]. Hormones
and cytokines released from adipocytes are involved in the aggravation of diseases for which KSS is
prescribed [20–24]. KSS reduces lipid accumulation in human hepatoma HepG2 cells in the presence
of oleic acid [25]. In Kampo medicine, Orengedokuto, inhibits differentiation of 3T3-L1 cells and
Yokukansan reduces fat synthesis by reducing the expression of the transcription factor SREBP-1c
and glycerol-3-phosphate dehydrogenase and increasing the expression of antioxidant enzymes via
the transcription factor FoxO1 in differentiating 3T3-L1 cells [26,27]. One of the compounds included
in KSS, geniposide, reduces lipid accumulation in 3T3-L1 cells during differentiation [28]. Another
compound, paeonol, reduces lipid accumulation in HepG2 cells [29].

The molecular mechanism underlying the pharmacological action of KSS in 3T3-L1 cells during
their differentiation into mature adipocytes is unclear. Here, we demonstrate that paeonol is an
inhibitory compound of KSS during adipogenesis.

2. Materials and Methods

2.1. Cell Culture

The mouse 3T3-L1 preadipocyte cell line was obtained from the Japanese Collection of Research
Bioresources Cell Bank (JCRB Cell Bank, Osaka, Japan). 3T3-L1 cells were cultured in high-glucose
Dulbecco’s modified Eagle’s medium (DMEM; Sigma–Aldrich, St. Louis, MO, USA) containing
heat-inactivated 10% fetal bovine serum (FBS; Thermo Fisher Scientific, Waltham, MA, USA), 30 U/mL
penicillin (Meiji Seika Pharma, Tokyo, Japan), and 30 μg/mL streptomycin (Meiji Seika Pharma) at
37 ◦C in a humidified atmosphere of 5% CO2. For adipocyte differentiation, cells were seeded on a
24-well plate at a density of 2 × 104 cells per well using the time course shown in Figure 1A. After
reaching the confluence (0 days), adipocyte differentiation was initiated using the same medium,
but supplemented with 1 μM Dex (Wako, Osaka, Japan), 0.5 mM IBMX (Wako), and 10 μg/mL insulin
(Sigma–Aldrich) (hereafter DMI) for 3 days (day 0–3). The medium was then replaced with medium
containing 5 mg/mL insulin for 2 more days (day 3–5) and then changed to fresh medium every 2 days
(day 5–8). This differentiation induction method was termed the DMI method. 3T3-L1 cells were used
up to the 4th passage to avoid cell phenotypic changes.

2.2. Preparation of Kampo Medicine and Composition of the Ten Herbs and Eight Major Components of KSS

Kamishoyosan (KSS), Hochuekkito (HET), Shoseiryuto (SST), and Goreisan (GRS) were kindly
provided by Tsumura & Co. (Tokyo, Japan). Bupleuri Radix (BR), Paeoniae Radix (PR), Atractylodes
Lancea Rhizoma (ALR), Angelicae Radix (AR), Poria (PO), Gardeniae Fructus (GF), Moutan Cortex
(MC), Glycyrrhizae Radix (GLR), Ingiberis Rhizoma (IR), and Menthae Herb (MH) were purchased
from Tsumura & Co. The extraction method of each Kampo medicine was as follows. One hundred
milligrams of the powder was dissolved in 1 mL medium. The solution was shaken at 200 rpm and
38 ◦C for 30 min in a model BR-22FH constant temperature shaker (Taitec, Saitama, Japan). The solution
was then centrifuged at 14,000× g for 25 min using a model 5922 device (Kubota, Tokyo, Japan).
The supernatant was sterilized by using a 0.22-μm pore size membrane filter (Thermo Fisher Scientific).
The eight major components of KSS were dissolved in dimethyl sulfoxide (DMSO, Wako). These
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compounds were: saikosaponin B1 (SSb1, Wako), saikosaponin B2 (SSb2, LKT Laboratories, St. Paul,
MN, USA), paeoniflorin (PNF, LKT), β-eudesmol standard (EU, Wako), geniposide (GEN, Wako),
paeonol (PN, LKT), glycyrrhizic acid (GA, Combi-Blocks, San Diego, CA, USA), and 6-shogaol (SG,
Cayman Chemicals, Ann Arbor, MI, USA). L-glutamine added to the phenol red-free DMEM was
purchased from Nissui pharmaceutical (Tokyo, Japan), and sodium pyruvate solution was purchased
from Wako. Glucocorticoid receptor inhibitor of RU-486 (mifepristone) was purchased from Tokyo
Chemical Industry (Tokyo, Japan).

2.3. Evaluation of Intracellular Lipid Accumulation

Cells were stained with Oil-Red-O (Sigma–Aldrich) as described previously [30]. 3T3-L1 cells
were plated on a 24-well plate and induced to differentiate using the DMI method described earlier.
The cells were rinsed with phosphate-buffered saline (PBS), fixed with 4% paraformaldehyde (PFA;
Wako) for 14 min, and then stained with 3 mg/mL Oil-Red-O (in 60% isopropanol) for 10 min at room
temperature. After staining, cells were washed once with 60% aqueous isopropanol and twice with PBS.
After washing, the cells were observed using an ECLIPSE Ti-U inverted microscope (Nikon, Tokyo,
Japan). Cell images were captured with a CCD camera (digital sight DS-L3, Nikon). Additionally, after
the dye was extracted for 10 min with isopropanol, the absorbance was measured at 490 nm using a
DTX 880 Multimode Detector (Beckman Coulter, Brea, CA, USA). All experiments were performed at
least three times.

2.4. Assessment of Cell Viability

To investigate the effect of Kampo medicine, herbs, and major components on the cell viability,
a Cell Counting Kit-8 (CCK-8; Dojindo Molecular Technologies, Kumamoto, Japan) was used according
to the manufacturer’s instructions. Absorbance was measured at 450 nm using the DTX 880 Multimode
Detector. All experiments were performed at least three times.

2.5. Quantitative PCR (qPCR)

3T3-L1 cells were seeded in a four-well plate (Thermo Fisher Scientific). Total RNA was prepared
using ISOGEN II (Nippon Gene, Tokyo, Japan). The total RNA concentration was determined by
measuring the absorbance at 260 nm using a NanoDrop 2000c spectrophotometer (Thermo Fisher
Scientific) and NanoDrop 2000/2000c Operating software, version 1.4.2. Using 1 μg of total RNA as
a template, cDNA was synthesized by reverse transcription reaction using the SuperScript® Vilo™
cDNA synthesis kit (Thermo Fisher Scientific). Reverse transcription was conducted with a G-STORM
GS482 thermal cycler (Life Science Research, Somerton, UK). The expression level of various genes
regulating adipocyte differentiation was measured in the CFX 96TM Real-Time System (BIO-RAD,
Hercules, CA, USA) with the KOD SYBR® qPCR Mix (TOYOBO, Osaka, Japan). qPCR was performed
at 98 ◦C for 2 m for the initial denaturing, followed by 45 cycles of 98 ◦C for 10 s, 61 ◦C or 67 ◦C for
10 s, and 68 ◦C for 30 s, using specific primers (Table 1). The results were determined using the ΔΔCT

method and are shown as the fold-change relative to the control after normalizing to the expression
of the 14-3-3 protein zeta/delta (Ywhaz) gene. The primer sets of Ywhaz housekeeping gene was
purchased from TaKaRa Bio (Shiga, Japan). All experiments were performed at least three times.

Table 1. Primer sequences for qPCR.

Gene Sense Antisense Ref.

C/EBP-α 5′-CAAGAACAGCAACGAGTACC-3′ 5′-GTCACTGGTCAACTCCAGCAC-3′ [31]
C/EBP-β 5′-ACGACTTCCTCTCCGACCTC-3′ 5′-CGAGGCTCACGTAACCGTAG-3′
C/EBP-δ 5′-CTGCCATGTACGACGACGAGAG-3′ 5′-GCTTTGTGGTTGCTGTTGAAGA-3′
PPAR-γ 5′-CTGATGCACTGCCTATGAGC-3′ 5′-TCACGGAGAGGTCCACAGAG-3′
Adiponectin 5′-GCACTGGCAAGTTCTACTGCAA-3′ 5′-GTAGGTGAAGAGAACGGCCTTGT-3′ [32]
FoxO1 5′-ACGAGTGGATGGTGAAGAGC-3′ 5′-TGCTGTGAAGGGACAGATTG-3′ [33]
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2.6. Luciferase Reporter Assay

Dual-luciferase reporter assays were conducted as described previously [34]. One day before
transfection, 3T3-L1 cells were cultured in antibiotic-free and phenol red-free medium (Sigma–Aldrich)
containing L-glutamine, sodium pyruvate, and 10% charcoal-dextran-stripped FBS (GE Healthcare,
Salem, CT, USA). For electroporation, a mixture of 300 ng pGL 4.36 vector [luc2P, MMTV, Hygro]
(Promega, Madison, WI, USA) and 3 ng internal standard pNL 1.1 PGK vector [Nluc PGK] (Promega)
were used for 1.0–1.6 × 105 cells with a MicroPorator MP-100 device (NanoEnTek, Seoul, Korea).
The electroporation condition was two times voltage change to 1300 V for 20 ms. After transfection,
cells were seeded on a 24-well plate and cultured in the antibiotic-free and phenol red-free DMEM
containing 10% charcoal-dextran-stripped FBS. One day after electroporation, the medium was
changed to the medium with Kampo medicines, herbs, or their components together with 1 μM Dex
for 6 h. At 30 h after transfection, cells were collected using 100 μL of Reporter Lysis Buffer (Promega).
The collected cell lysates were stored at −80 ◦C. GR-dependent luciferase activity was analyzed with the
Dual-Luciferase® Reporter Assay System kit (Promega). Emission intensity was measured using the
GloMax® Discover Microplate Reader GM3510 (Promega). The results were normalized to the internal
pNL 1.1 PGK control and expressed as the fold-change of mean relative intensity. All experiments
were performed at least three times.

2.7. Statistical Analysis

Results are expressed as mean ± standard deviation. Comparisons between groups were made
using Student’s t-test or one-way analysis of variance (one-way ANOVA). p < 0.05 was considered
statistically significant. Statistical analysis was performed using JMP® Pro 14.2.0 (SAS Institute, Cary,
NC, USA).

3. Results

3.1. KSS Reduces Intracellular Lipid Accumulation

Mouse 3T3-L1 cells, which are preadipocytes, were differentiated into adipocytes by DMI treatment.
We examined the effects of KSS and the three Kampo medicines. Kampo medicines are composed
of two to ten herbs. The number and volume of herbs are changed in the prescribed formulation
depending on the intensity of the chief and indefinite complaints. The 129 kinds of Kampo medicines
can be divided into two groups: those with and without Bupleuri Radix (BR). KSS contains BR and is
prescribed for climacteric disorder and orofacial pain [35,36]. In this study, we examined the effects
of Hochuekkito (HET), Shoseiryuto (SST), and Goreisan (GRS), as the control of KSS. HET contains
BR, but its prescription spectrum is different from KSS. SST does not contain BR, and its spectrum is
different from KSS. GRS does not contain BR but has a similar spectrum to KSS [18,37]. As shown
in Figure 1A, KSS, HET, SST, or GRS (1 mg/mL) was added to DMEM together with DMI, and the
cells were cultured for 8 days. Cells were stained with Oil-Red-O to assess lipid accumulation and
the degree of differentiation [12]. Only KSS reduced the Oil-Red-O staining (Figure 1B). To compare
the quantity of the accumulated lipid, we dissolved the accumulated Oil-Red-O in isopropanol and
measured the absorbance. As shown in Figure 1Ca, KSS significantly reduced lipid accumulation.
In addition, the CCK-8 assay showed that KSS, HET, SST, and GRS had no effect on cell viability at a
concentration of 1 mg/mL (Figure 1Cb).
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Figure 1. Kamishoyosan (KSS) reduces lipid accumulation. (A) Induction time course of 3T3-L1 cell
differentiation. 3T3-L1 cells were seeded on a 24-well plate at 2 × 104 cells per well and cultured for
3 days. After confluent (0 day), 1 μM dexamethasone (Dex; D), 0.5 mM 3-isobutyl-1-methylxanthine
(IBMX; M), and 10 μg/mL insulin (I) were added to induce differentiation for 3 days followed by
additional 2 days culture with 5 μg/mL insulin (day 3–5). Thereafter, the medium was changed to
normal Dulbecco’s modified Eagle’s medium (DMEM) every 2 days (day 5–8). Kampo medicines were
administered at a concentration of 1 mg/mL after the onset of differentiation (day 0–8). (B) Images of
Oil-Red-O staining of 3T3-L1 cells on day 8 are shown. (Ba) None (no DMI differentiation induction).
(Bb–f) control and Kampo medicine administration groups ((Bb); H2O (Bc); KSS, (Bd); Hochuekkito
(HET), (Be); Shoseiryuto (SST), (Bf); Goreisan (GRS) with DMI differentiation induction). The scale
bar indicates 200 μm. (C) KSS suppresses lipid accumulation. (Ca) Oil-Red-O dye was extracted with
isopropanol to measure intracellular lipid accumulation, and the absorbance was measured at 490 nm
as compared with H2O (with DMI differentiation induction). (Cb) Cell viability after 8 days of culture
was evaluated with the CCK-8 assay. Absorbance measured at 450 nm is shown as relative absorbance
to H2O (with DMI differentiation induction). Data are shown as the mean ± standard deviation (n = 3).
* p < 0.05 vs. H2O (with DMI differentiation induction).

Next, we examined the dose-dependent effect of KSS. 3T3-L1 cells were differentiated for 8 days
in the presence of 0.1, 1, 2, 5, or 10 mg/mL KSS. The cells were stained with Oil-Red-O. KSS reduced
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lipid accumulation (Figure 2A,Ba) without an appreciable change in cell viability at a concentration up
to 5 mg/mL (Figure 2Bb). In the subsequent experiments, a concentration of KSS of 5 mg/mL or less
was used.

Figure 2. KSS reduces lipid accumulation in a dose-dependent manner. (A) KSS inhibited lipid
accumulation in 3T3-L1 cells induced by the DMI method in a dose-dependent manner. Oil-Red-O
staining images of cells cultured for 8 days is shown. (Aa) KSS 0 mg/mL, (Ab) 0.1 mg/mL, (Ac) 1 mg/mL,
(Ad) 2 mg/mL, (Ae) 5 mg/mL, and (Af) 10 mg/mL. The scale bar indicates 200 μm. (B) KSS inhibited
the lipid accumulation in 3T3-L1 cells cultured for 8 days in a dose-dependent manner. As in Figure 1,
(Ba) the amount in lipid accumulation and (Bb) the cell viability was measured. (C) KSS suppressed
lipid accumulation after 21 days of administration. (Ca,b) Oil-Red-O staining images of cultured cells
are shown. (Ca) KSS (0 mg/mL) and (Cb) KSS (2 mg/mL). The scale bar indicates 200 μm. As in (B),
(Cc) the amount of lipid accumulation was measured and is expressed as relative absorbance. (Cd) Cell
viability. Data are shown as the mean ± standard deviation (n = 3). * p < 0.05 and ** p < 0.01 vs. H2O.

Next, we examined the effects of KSS on lipid accumulation for longer periods. 3T3-L1 cells were
differentiated for 21 days in the presence of 2 mg/mL KSS. KSS reduced the Oil-Red-O staining without
affecting the cell viability (Figure 2Ca,b). KSS reduced the rate of lipid accumulation at 21 days more
strongly than at 8 days (Figure 2Cc,d).
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3.2. MC, Paeoniflorin, and Paeonol Inhibit Differentiation of 3T3-L1 Cells into Mature Adipocytes

We sought to identify which of the 10 herbs of KSS suppressed the accumulation of lipids (Table S1).
The 10 herbs of KSS were individually applied to cells at a concentration of 2 mg/mL together with
DMI, and the cells were cultured for 8 days (Figure 1A). The cells were then stained with Oil-Red-O.
BR, PR, MC, GLR, and MH significantly inhibited lipid accumulation (Figure 3 and Table S1). Next,
we examined the dependence on their concentration. 3T3-L1 cells were differentiated for 8 days in
the presence of 0.03, 0.1, 0.3, 1, or 2 mg/mL of PR, MC, GLR, and MH. All four herbs inhibited lipid
accumulation in a dose-dependent manner (Figure S3Aa,Ba,Ca,Da), and the cell viability did not
change greatly, except for in the group administered 2 mg/mL MH (Figure S3Ab,Bb,Cb,Db). Each herb
contains several components. Furthermore, we aimed to identify the major components of KSS that
suppress lipid accumulation. The eight major components of KSS were selected based on both the
3D-HPLC (Figure S1 and Table S2) and the KSS product management information reported by Tsumura
Co. Among the eight major components, herb-derived components that inhibited differentiation
were BR-derived saikosaponin B1 (SSb1) and saikosaponin B2 (SSb2); MC-derived paeoniflorin (PNF)
and paeonol (PN); and GLR-derived glycyrrhizic acid (GA). Herb-derived components that had no
effect on differentiation were ALR-derived β-eudesmol standard (EU), GF-derived geniposide (GEN),
and IR-derived 6-shogaol (SG). We excluded MH-derived L-menthol from the examination because
there was no information on the 3D-HPLC (Figure S1). One of the eight major components of KSS was
applied to the cells together with DMI, and the cells were cultured for 8 days.

Figure 3. Bupleuri Radix (BR), Paeoniae Radix (PR), Moutan Cortex (MC), Glycyrrhizae Radix (GLR),
and Menthae Herb (MH) in KSS reduce lipid accumulation. During differentiation induction by the
DMI method, KSS or the 10 constituent herbs (2 mg/mL) were administered and cultured for 8 days.
As in Figure 1, the amount of lipid accumulation was measured and is shown as relative absorbance.
Data are shown as the mean ± standard deviation (n = 3). * p < 0.05 and ** p < 0.01 vs. H2O.

The reduced number of Oil-red-O staining cell nodules observed in the treatment with 1000 μM
PNF, 1000 μM PN, 300 μM SSb1, or 100 μM SSb2 compared with DMSO. Furthermore, Oil-Red-O
staining was reduced in a dose-dependent manner (Figure 4A,B), but cells detached from the bottom
by SSb1 and SSb2 within 2 days after the application (Figure 4A). SG at 30 μM reduced Oil-Red-O
staining, 1000 μM GEN non-significantly reduced the red signal of Oil-Red-O staining, and 300 μM GA
did not change the signal intensity (Figure S4A,B). EU at 1000 μM also reduced the red signal intensity,
but cells detached from the bottom within 2 days after the application (Figure S4A). These results
suggested that MC, PNF, and PN reduced lipid accumulation, and SSb1, SSb2, and EU were cytotoxic
at the concentrations used. SSb1, SSb2, and EU were excluded from further studies.
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Figure 4. Paeoniflorin (PNF), Paeonol (PN), Saikosaponin B1 (SSb1), and Saikosaponin B2 (SSb2) reduce
lipid accumulation in a dose-dependent manner. (A) (Aa) DMSO (DMI method only), (Ab) KSS 2
mg/mL, (Ac) PNF 1000 μM, (Ad) PN 1000 μM, (Ae) SSb1 300 μM, or (Af) SSb2 100 μM was added in
culture media and cultured for 8 days. Images of Oil-Red-O staining are shown. The scale bar indicates
200 μm. (B) PNF, PN, SSb1, and SSb2 were administered during differentiation induction by the DMI
method and cells were cultured for 8 days. As in Figure 1, the amount of lipid accumulation was
measured and is shown as relative absorbance. (Ba) PNF, (Bb) PN, (Bc) SSb1, and (Bd) SSb2. Data are
shown as mean ± standard deviation (n = 3). * p < 0.05 and ** p < 0.01 vs. DMSO.

3.3. KSS Inhibits Early Differentiation into Mature Adipocytes by Inhibiting the Action of Dex

In the process of differentiation of 3T3-L1 cells into mature adipocytes, various genes are expressed
under strict regulation to form differentiation stages (early, middle, and late) (Jun do et al., 2011).
To understand the differentiation stage at which KSS exhibited the inhibitory effect, 3T3-L1 cells were
differentiated in the presence of 2 or 5 mg/mL KSS during 0–3 days (early stage), 3–5 days (middle
stage), 5–8 days (late stage), and 0–8 days (Figure 5A). As shown in Figure 5B, the application of
2 mg/mL KSS during the early stage significantly reduced lipid accumulation (69.7 ± 11.3%, n = 3),
similar to that during 0–8 days (66.7 ± 10.6%, n = 3). The inhibitory effect during the middle and the
late stages was very low (77.5 ± 11.5%, n = 3 and 76.4 ± 8.0%, n = 3 for both). Next, we identified the
target(s) of the inhibitory effect of KSS in the early stage of differentiation induced by DMI (Dex, IBMX,
insulin). As shown in Figure 5C, Dex-deficient medium, IBMX-deficient medium, and insulin-deficient
medium reduced lipid accumulation to 10.2 ± 6.2% (n = 3), 24.5 ± 13.1% (n = 3), and 70.3 ± 12.7% (n = 3),
respectively, indicating that Dex and IBMX promote differentiation of 3T3-L1 cells. Moreover, 2 mg/mL
KSS inhibited the lipid accumulation to 6.6 ± 2.8% (n = 3) in Dex-deficient medium, 13.5 ± 1.5% (n = 3)
in IBMX-deficient medium, and 37.2 ± 4.3% (n = 3) in insulin-deficient medium. The reduction of the
lipid accumulation by KSS was less in the Dex-deficient medium than in the IBMX-deficient medium,
suggesting that KSS inhibits differentiation through Dex (Figure 5C,D).
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Figure 5. KSS inhibits early differentiation into adipocytes through the inhibition of Dex action.
(A) 3T3-L1 cell differentiation stage and KSS administration time are shown. (i) No KSS administration,
(ii) 0–8 days, (iii) 0–3 days (early-stage), (iv) 3–5 days (middle-stage), and (v) 5–8 days (late-stage).
(B) KSS was administered at each differentiation stage. As in Figure 1, the amount of lipid accumulated
at 8 days is measured and shown as relative absorbance. (Ba) KSS (2 mg/mL), (Bb) KSS (5 mg/mL).
(C) 3T3-L1 cells were cultured for 3 days in the presence of two of the three types of differentiation
inducers (1 μM Dex, 0.5 mM IBMX, and 10 μg/mL insulin). KSS (2 mg/mL) was administered for 8 days
from the start of differentiation. The amount of lipid accumulated was measured as in Figure 1, and the
relative absorbance is shown for the DMI method and KSS (-). (D) Oil-Red-O stained images of the
cells cultured for 8 days. Upper: KSS (-), Lower: KSS (+), (Da) DMI (-), (Db) DMI (+), (Dc) MI (+),
(Dd) DI (+), and (De) DM (+). The scale bar indicates 200 μm. Data are shown as mean ± standard
deviation (n = 3). * p < 0.05 and ** p < 0.01 vs. (i) KSS (-) administration (B) or DMI method and KSS (-)
(C). † p < 0.05 vs. KSS (-) (C).
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3.4. KSS, MC, and Paeonol Alter the Expression of Adipocyte Differentiation Marker Genes

Since the expression levels of the genes of transcription factors C/EBP-δ, C/EBP-β, C/EBP-α,
and PPAR-γ change during differentiation, they are considered to be differentiation marker in
adipogenesis. We examined the expression of these four transcription factors by qPCR. KSS significantly
suppressed gene expression of C/EBP-δ at differentiation day 3 (Figure 6Aa). Moreover, KSS suppressed
gene expression of C/EBP-α, and PPAR-γ at differentiation day 8, no significant differences in the
expression of C/EBP-β was observed (Figure 6Ab–d). Next, we examined the effect of MC and
its constituents PNF and PN on the C/EBP-δ and C/EBP-β gene expression at differentiation day 3
(Figure 6B,C). MC at 1 mg/mL and 1000 μM PN suppressed gene expression of C/EBP-δ (Figure 6Ba,c).
In addition, PN suppressed gene expression of C/EBP-β (Figure 6Cc). These results suggest that
KSS, MC, and PN suppressed gene expression of C/EBP-δ at differentiation day 3. Supportively,
the expression of adiponectin, a mature adipocyte marker and a secretion factor, was also diminished
by KSS (Figure 6Da). On the other hand, KSS promoted the expression of FoxO1, that is an early
marker of adipocyte differentiation (Figure 6Db).

Figure 6. KSS, MC, and PN suppress C/EBP-δ gene expression. (A) KSS suppresses differentiation
marker gene expression in a time-dependent manner. The gene expression level was quantified by the
qPCR method. (Aa) C/EBP-δ, (Ab) C/EBP-β, (Ac) C/EBP-α, (Ad) PPAR-γ. (B,C) During differentiation
induction, MC (1 mg/mL), PNF (1000 μM), and PN (1000 μM) were administered, and the expression
level of the C/EBP-δ and C/EBP-β genes was quantified as in (A). (a) MC, (b) PNF, (c) PN. (D) Alteration
of the expression level of (Da) Adiponectin and (Db) FoxO1 during differentiation induction with or
without KSS. Data are shown as mean ± standard deviation (n = 3). * p < 0.05 and ** p < 0.01 vs. H2O
or DMSO.
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3.5. KSS, MC, Paeoniflorin, and Paeonol Inhibit Promoter Activity of GR

Dex is involved in C/EBP-δ gene expression through the activation of the glucocorticoid receptor
(GR) [38]. We investigated the effects of KSS, MC, PNF, and PN on the GR activity by luciferase reporter
assay. The GR inhibitor RU486 was used as a GR antagonist [39]. KSS and MC inhibited Dex-induce
GR promoter activity (Figure 7). Similarly, PNF and PN inhibited GR promoter activity, but the activity
was weaker than that observed with RU486.

Figure 7. KSS, MC, PNF, and PN inhibit GR promoter activity. In the presence of 1 μM Dex, 2 mg/mL
KSS, 1 mg/mL MC, 1000 μM PNF, 1000 μM PN, or 10 μM RU486 was administered, and a luciferase
reporter assay was performed. Dex was used as a positive control for the GR promoter activity, and the
relative activity was analyzed. Data are shown as the mean ± standard deviation (n = 3). * p < 0.05 vs.
H2O (Dex added). † p < 0.05 and †† p < 0.01 vs. DMSO (Dex added).

4. Discussion

In this study, we demonstrated that KSS suppressed C/EBP-δ expression by inhibiting Dex-induced
GR promoter activity at the early stage of differentiation and, consequently, delayed differentiation
into mature adipocytes as summarized in Figure 8. Kampo medicines are complex drugs composed of
many herbs. The herbs have many components. The effects of Kampo medicines have not previously
been analyzed hierarchically. We systematically analyzed the reduction of lipid accumulation caused
by Kampo medicines, their herbs, and their major components. KSS inhibited the preadipocyte
differentiation into mature adipocytes, but HET, SST, and GRS did not (Figures 1 and 2). MC was
identified as an effective herb among the 10 constituent herbs of KSS (Figure 3 and Figures S2 and
S3). Finally, PN was shown to be an effective major component among eight MC-derived components
(Figure 4 and Figure S4). In addition to KSS, MC, and PN inhibited Dex-induced GR activity
(Figures 6 and 7).

PN, an MC-derived ingredient, reduces lipid accumulation in the livers of high-fat diet-induced
diabetic mice and improves glucose and lipid metabolism by increasing the phosphorylation level of
Akt and expression of glucokinase and low-density lipoprotein receptor in human liver cancer-derived
HepG2 cells [29]. In this study, PN reduced lipid accumulation by suppressing early differentiation
into mature adipocytes by inhibiting Dex-induced GR promoter activity (Figures 4, 6 and 7) and the
expression of the PPAR-γ gene, which is one of the late-stage markers of adipocytes. We hypothesize
that PN-mediated anti-adipogenetic activity diminishes the phosphorylation of Akt by blocking GR
promoter activity. Clarifying this detailed mechanism would be interesting for a better understanding
of the function of PN in developing mature adipocytes.
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Figure 8. KSS, MC, and PN suppress lipid accumulation by suppressing Dex-induced GR activation and
controlling early differentiation in 3T3-L1 cells. 3T3-L1 cells are differentiated into mature adipocytes
by the addition of Dex, IBMX, and insulin (DMI method). As a result of differentiation, inducers bind
to the receptor and the signals are transferred to the nucleus. KSS, MC, and PN inhibit the promoter
activity of GR induced by Dex. This suppression of the promoter activity reduces the expression of the
transcription factor C/EBP-δ gene and consequently inhibits the initial differentiation of 3T3-L1 cells.
By suppressing early differentiation, the expression levels of C/EBP-α and PPAR-γ genes are reduced,
and lipid accumulation is suppressed.

KSS as well as PN inhibited the activation of GR by Dex, which was followed by the suppression
of C/EBP-δ gene expression. GR knockdown reduced lipid accumulation in adipocytes at day 7, even in
the presence of insulin [40]. However, lipid accumulation and expression of the adipogenetic marker
genes were intact in GR knockdown adipocytes at day 21 with the continuous supplementation of
insulin [40]. KSS as well as PN reduced lipid accumulation at the late stage of differentiation (5–8 days)
(Figure 5), similar to the results in the GR knockdown adipocyte model. However, KSS reduced lipid
accumulation at day 21 more than that on day 8 (Figure 2). Since KSS was added at the late-stage of
differentiation, it is possible that mechanisms other than suppression of Dex and GR might be involved
in the long-term administration of PN.

One limitation of our study was that we could not quantify the content of the major
components in the KSS extract supernatant that was used. Therefore, each drug was administered
at the maximum dose at which the drug did not affect cell viability was administered.
Kampo medicines and herbal medicines exert drug actions after ingestion. Information on the
absorption-distribution-metabolism-excretion of Yokukansan is available [41], but there is no
information on the absorption-distribution-metabolism-excretion of KSS. The blood concentration
of PN, one of major components of KSS, after oral intake, is very small [42]. We will analyze the
bioavailability of PN using an in vivo system and optimize the proper concentration of KSS needed to
exert anti-adipogenetic activity in a future study.

5. Conclusions

In conclusion, our results demonstrate that KSS can inhibit the early stages of differentiation in
mouse adipocytes and suppress lipid accumulation in 3T3-L1 cells. Paeonol is a critical ingredient
that contributes to the anti-adipogenetic effect of KSS by blocking glucocorticoid receptor activity in
lipid-metabolizing cells. The effects of Kampo medicine and herbal medicines have not been hitherto
analyzed hierarchically. In this study, we identified the effects of the ingredients.
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MC, GR, MH reduce lipid accumulation in a dose-dependent manner, Figure S4: EU, SG major components of
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Abstract: High consumption of saturated fats links to the development of hypertension.
AMP-activated protein kinase (AMPK), a nutrient-sensing signal, is involved in the pathogenesis
of hypertension. We examined whether early intervention with a direct AMPK activator
5-aminoimidazole-4-carboxamide riboside (AICAR) during pregnancy or lactation can protect
adult male offspring against hypertension programmed by high saturated fat consumption via
regulation of nutrient sensing signals, nitric oxide (NO) pathway, and oxidative stress. Pregnant
Sprague–Dawley rats received regular chow or high saturated fat diet (HFD) throughout pregnancy
and lactation. AICAR treatment was introduced by intraperitoneal injection at 50 mg/kg twice
a day for 3 weeks throughout the pregnancy period (AICAR/P) or lactation period (AICAR/L).
Male offspring (n= 7–8/group) were assigned to five groups: control, HFD, AICAR/P, HFD+AICAR/L,
and HFD + AICAR/P. Male offspring were killed at 16 weeks of age. HFD caused hypertension and
obesity in male adult offspring, which could be prevented by AICAR therapy used either during
pregnancy or lactation. As a result, we demonstrated that HFD downregulated AMPK/SIRT1/PGC-1α
pathway in offspring kidneys. In contrast, AICAR therapy in pregnancy and, to a greater extent,
in lactation activated AMPK signaling pathway. The beneficial effects of AICAR therapy in pregnancy
is related to restoration of NO pathway. While AICAR uses in pregnancy and lactation both diminished
oxidative stress induced by HFD. Our results highlighted that pharmacological AMPK activation
might be a promising strategy to prevent hypertension programmed by excessive consumption of
high-fat food.

Keywords: AMP-activated protein kinase; asymmetric dimethylarginine; developmental origins
of health and disease (DOHaD); high-fat; hypertension; nitric oxide; nutrient-sensing signals;
oxidative stress

1. Introduction

Hypertension is a highly prevalent disease that can have a substantial impact on the global burden of
cardiovascular disease in all world regions. The developmental origins of disease hypothesis (DOHaD)
suggests that the early life environment plays a key role in the early origins of hypertension [1,2].
Blood pressure (BP) is regulated by a complex process that contains key contributions from the kidney.
Developmental programming of renal structure and function, namely renal programming [3], increases
the risk for developing hypertension in adult life. Conversely, reprogramming intervention aimed at
reversing the programming processes, preceding the onset of hypertension, to prevent or delay the
development of hypertension [4].
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A high-fat diet is commonly used in animal models to induce obesity-related diseases, such as
hypertension [5]. Maternal high-fat intake has been reported to induce an increase [6,7] or no
change [7,8] on offspring’s BPs, mainly depending on the age, sex, and diverse fatty acids
compositions [9]. Accumulative evidence indicates that diets containing high saturated fatty acids
cause obesity/metabolic risk phenotypes, while high-fat diets based on poly-unsaturated fatty acids
relates to beneficial effects [10]. Our previous study showed maternal and post-weaning high saturated
fat (coconut oil-based) diets induced elevation of BP and kidney damage in male offspring at 24 weeks
of age [7].

Dysregulated nutrient-sensing signals and impaired asymmetric dimethylarginine
(ADMA, an endogenous inhibitor of nitric oxide synthase)-nitric oxide (NO) pathway are the proposed
mechanisms underlying renal programming and programmed hypertension [11,12]. Fetal metabolism
and development in response to maternal nutritional insults is mainly modulated by nutrient-sensing
signaling pathways. In the kidney, several nutrient-sensing signals exist, including silent information
regulator transcript (SIRT), cyclic adenosine monophosphate (AMP)-activated protein kinase (AMPK),
peroxisome proliferator-activated receptors (PPARs), and PPARγ coactivator-1α (PGC-1α) [13]. Among
them, AMPK is a serine/threonine protein kinase that serve as a central hub. AMPK is a heterotrimer
composed of a catalytic α subunit in complex with two regulatory subunits, β and γ. All subunits exist
in form of different isoforms (α1, α2, β1, β2, γ1, γ2, and γ3) [14]. AMPK is involved in BP control and
renal physiology [15]. Additionally, AMPK has been shown to elicit antioxidant effects and regulate
NO production [16].

HF diet was reported to reduce AMPK activity [17]. We previously observed that maternal
metformin, an indirect AMPK activator, protects adult offspring against hypertension programmed by
HFD [18]. Although a direct AMPK activator 5-aminoimidazole-4-carboxamide riboside (AICAR) has
been reported to lower BP in adult spontaneously hypertensive rats (SHRs) [19], its reprogramming
effect on programmed hypertension has not been examined yet. Thus, we hypothesized that maternal
and post-weaning high saturated fat diets induced programmed hypertension via reducing AMPK
and its related signals, whereas AICAR can prevent adult offspring against hypertension programmed
by HFD.

2. Materials and Methods

2.1. Animal Models

The investigation conformed to the Institutional Animal Care and Use Committee of Kaohsiung
Chang Gung Memorial Hospital (Permit number: 2018061302) that complies with the Guide for the
Care and Use of Laboratory Animals of the National Institutes of Health. Virgin Sprague-Dawley (SD)
rats (12–16 weeks old) were obtained from BioLASCO Taiwan Co., Ltd. (Taipei, Taiwan). Animals were
maintained in an AAALAC-accredited animal facility, housed in a 12 h light/12 h dark cycle condition
with a relative humidity of 55%. Rats were permitted ad libitum access to tap water and standard rat
chow. Male SD rats were housed with individual females. Mating was confirmed by the examination
of a vaginal plug.

Maternal rats received either a control diet with regular rat chow (Fwusow Taiwan Co., Ltd.,
Taichung, Taiwan; 52% carbohydrates, 23.5% protein, 4.5% fat, 10% ash, and 8% fiber) or high-fat
diet (HFD; D12331, Research Diets, Inc., New Brunswick, NJ, USA; 58% fat (hydrogenated coconut
oil) plus high sucrose (25% carbohydrate)) during pregnancy and lactation periods. In order to equal
the received quantity of milk and maternal pup care, litters were standardized to eight pups per
litter at birth. Because males are likely to have higher risk for developing hypertension younger than
females [20], only male offspring were selected from each litter and used in subsequent experiments.
Male offspring received either a control diet or HFD from post-weaning to 4 months of age. AICAR
treatment was introduced by intraperitoneal injection at 50 mg/kg twice a day for 3 weeks throughout
the pregnancy period (AICAR/P) or lactation period (AICAR/L) mixed in 0.9% sterile saline solution,
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and controls were treated with a 0.9% sterile saline solution vehicle. Another control group received
AICAR treatment during the pregnancy period. The dose of AICAR used in pregnant rats was based
on a previous study [21]. Male offspring were assigned to five groups (n = 7–8 for each group): control,
HFD, AICAR/P, HFD +AICAR/L, and HFD +AICAR/P. Experimental protocol is illustrated in Figure 1.
Only mother rats were given AICAR during pregnancy or lactation period. Male offspring was not
treated with AICAR.

Group 1   Control

Group 2   HFD

Group 3   AICAR/P

Group 4   HFD+AICAR/L

Group 5   HFD+AICAR/P

Control diet

Mother Male Offspring 

AICAR

Mating  3wk     Birth   3wk   Weaning            4mo Sacrifice

High-fat diet

Control diet

High-fat diet

High-fat diet

AICAR

AICAR

Figure 1. Animal protocol used in the present study.

BP was measured in conscious and previously trained rats by using an indirect tail-cuffmethod
(BP-2000, Visitech Systems, Inc., Apex, NC, USA) at 4, 8, 12, and 16 weeks of age [7]. The rats were
acclimated to restraint and tail-cuff inflation for 1 week prior to the measurement, to ensure accuracy
and reproducibility. BP measurements were taken between 13.00 and 17.00 each day on a blinded
basis by the same experienced research assistant. Rats were placed on specimen platform, and their
tails were passed through tail cuffs and secured in place with tape. Following a 10 min warm-up
period, ten preliminary cycles of tail-cuff inflation were performed to allow the rats to adjust to the
inflating cuff. For each rat, five cycles were recorded at each time point. Average of values from three
stable measurements was taken. Male offspring were killed at 16 weeks of age. An intraperitoneal
injection of ketamine (50 mg/kg) and xylazine (10 mg/kg) were used to assess anesthesia. Rats were
then euthanized by an intraperitoneal overdose of pentobarbital. Kidneys and heparinized blood
samples were collected at the end of the study.

2.2. High-Performance Liquid Chromatography (HPLC)

The plasma levels of several components of the NO pathway, including L-citrulline (the precursor
of L-arginine), L-arginine (the substrate for NO synthase), ADMA, and SDMA (an isomer of ADMA),
were measured using HPLC with the o-phtalaldehyde-3-mercaptoprionic acid derivatization reagent [7].
Concentrations of 1–100 mM L-citrulline, 1–100 mM L-arginine, 0.5–5 mM ADMA, and 0.5–5 mM
SDMA were used as standards. The recovery rate was approximately 95%.

2.3. Quantitative Real-Time Polymerase Chain Reaction (PCR)

RNA was extracted from the kidney cortex according to previously described methods [7]. Several
genes related to the nutrient sensing signaling pathway were analyzed in this study, including SIRT-1
(Sirt1), SIRT-4 (Sirt4), AMPK-α2 (Prkaa2), -β2 (Prkab2), and -γ2 (Prkag2), PPAR-α (Ppara), -β (Pparb),
and -γ (Pparg), and PGC-1α (encoded by Ppargc1a). The 18S rRNA gene (Rn18s) was used as a reference
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gene. Primer sequences are provided in Table 1. RNA expression levels were normalized to 18S rRNA
levels and calculated according to the ΔΔ comparative threshold (CT) method. Values were then
calculated relative to control to generate a ΔΔCT value. The fold-increase of the experimental sample
relative to the control was calculated using the formula 2−ΔΔCT.

Table 1. Quantitative real-time polymerase chain reaction primers sequences.

Gene Reverse

Sirt1 5 tggagcaggttgcaggaatcca 3 5 tggcttcatgatggcaagtggc 3
Sirt4 5 ccctttggaccatgaaaaga 3 5 cggatgaaatcaatgtgctg 3

Prkaa2 5 agctcgcagtggcttatcat 3 5 ggggctgtctgctatgagag 3
Prkab2 5 cagggccttatggtcaagaa 3 5 cagcgcatagagatggttca 3
Prkag2 5 gtgtgggagaagctctgagg 3 5 agaccacacccagaagatgc 3
Ppara 5 agaagttgcaggaggggatt 3 5 ttcttgatgacctgcacgag 3
Pparrb 5 gatcagcgtgcatgtgttct 3 5 cagcagtccgtctttgttga 3
Pparg 5 ctttatggagcctaagtttgagt 3 5 gttgtcttggatgtcctcg 3

Ppargc1a 5 cccattgagggctgtgatct 3 5 tcagtgaaatgccggagtca 3
Rn18s 5 gccgcggtaattccagctcca 3 5 cccgcccgctcccaagatc 3

2.4. Western Blot

Samples were subjected to electrophoresis, Western blot, and antibodies incubation using
the methods published previously [7]. Briefly, 200 μg of kidney cortex were loaded on a 6–10%
polyacrylamide gel and separated by electrophoresis (200 volts, 90 min). Following transfer to
a nitrocellulose membrane (GE Healthcare Bio-Sciences Corp., Piscataway, NJ, USA), the membranes
were incubated with Ponceau S red (PonS) stain solution (Sigma-Aldrich, St. Louis, MO, USA) for
10 min on the rocker to verify equal loading. After blocking with phosphate-buffered saline–Tween
(PBS-T) containing 5% dry milk, the membranes were incubated with primary antibody. The blots were
incubated overnight at 4 ◦C with a 1:1000 dilution of anti-phosphorylated AMPKα (Thr172) antibody
(1:1000, #2535, Cell Signaling, Danvers, MA, USA). Following five washes with 0.1% Tween-Tris-buffered
saline (TBS-T), the membranes were incubated for 1 h with horseradish peroxidase-labeled secondary
antibody diluted 1:1000 in TBS-T. Bands were visualized using SuperSignal West Pico reagent
(Pierce; Rockford, IL, USA) and quantified by densitometry as integrated optical density (IOD).
IOD was then normalized to total protein PonS staining. Protein abundance was expressed as
IOD/PonS.

2.5. Immunohistochemistry Staining

Paraffin-embedded kidney tissue sectioned at 3-μm thickness was deparaffinized in xylene and
rehydrated in a graded ethanol series to phosphate-buffered saline. 8-Hydroxydeoxyguanosine
(8-OHdG) is a DNA oxidation product that was measured to assess DNA damage. Nutrient sensing
signal AMPKα2 and PGC-1α were also analyzed by immunohistochemistry. Following blocking with
immunoblock (BIOTnA Biotech., Kaohsiung, Taiwan), the sections were incubated for 2 hr at room
temperature with an anti-8-OHdG antibody (1:100, JaICA, Shizuoka, Japan), an anti-AMPKα2 antibody
(1:400, Proteintech, Rosemont, IL, USA), and an anti-PGC-1α antibody (1:200, Abcam, Cambridge,
MA, USA). Immunoreactivity was revealed using the polymer-horseradish peroxidase (HRP) labelling
kit (BIOTnA Biotech). For the substrate-chromogen reaction, 3,3′-diaminobenzidine (DAB) was used.
Identical staining protocol omitting incubation with primary antibody was employed to prepare
samples that were used as negative controls. Quantitative analysis of positive cells per microscopic
field (X400) in the renal sections was performed as we described previously [7].

2.6. Statistical Analysis

Values given in figures and tables represent mean ± standard error of mean (SEM). Statistical
significance was determined using one-way ANOVA with a post-hoc Tukey test for multiple
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comparisons. In all cases, a p-value less than 0.05 was considered statistically significant. All analyses
were performed using the Statistical Package for the Social Sciences software (SPSS, Chicago, IL, USA).

3. Results

HFD and AICAR treatment had no effect on the survival of male pups. Consumption of HF diet
caused a greater body weight (BW) compared to controls, which was prevented by AICAR treatment
in lactation (Table 2). The kidney weights and the ratios of kidney weight-to-body weight were lower
in the HFD, HFD + AICAR/L, and HFD/AICAR/P groups compared to controls. AICAR treatment in
lactation did not affect the kidney weight and the ratio of kidney weight-to-body weight vs. the control.
At 16 weeks of age, a significant elevation of systolic BP (~20 mmHg) was noted in the HFD group
compared with the other four groups.

Table 2. Measures of body weight, kidney weight, and blood pressure in 16-week-old male offspring
exposed to high-fat diet (HFD) and 5-aminoimidazole-4-carboxamide riboside (AICAR) in pregnancy
or lactation.

Groups Control HFD AICAR/P
HFD +

AICAR/L
HFD +

AICAR/P

Number 7 8 8 8 8
BW (g) 610 ± 12 793 ± 17 a 606 ± 19 588 ± 26 b 644 ± 22
Left kidney weight (g) 2.36 ± 0.06 1.7 ± 0.06 a 2.02 ± 0.04 1.77 ± 0.07 a 1.5 ± 0.08 a,c

Left kidney weight/100 g BW 0.39 ± 0.01 0.31 ± 0.01 a 0.36 ± 0.01 0.31 ± 0.02 a 0.29 ± 0.01 a,c

Systolic blood pressure (mm Hg) 139 ± 1 164 ± 1 a 143 ± 1 146 ± 1 b 144 ± 1 c

HFD, high-fat diet; AICAR/P, AICAR treatment during pregnancy; HFD + AICAR/L, high-fat diet plus AICAR
treatment during lactation; HFD + AICAR/P, high-fat diet plus AICAR treatment during pregnancy. BW, body
weight; n = 7–8/group; a p < 0.05 vs. control; b p < 0.05 HFD vs. HFD + AICAR/L; c p < 0.05 HFD vs. HFD +
AICAR/P.

As shown in Figure 2, systolic BP significantly increased in HFD group compared with that in
control group from week 8 through 16. Compared to controls, AICAR treatment in pregnancy had no
effect on systolic BP. While systolic BP was reduced by AICAR therapy in the HFD + AICAR/L and
HFD + AICAR/P groups compared to that in the HDF group from 8 to 12 weeks of age. These data
indicated that AICAR treatment either in pregnancy or lactation had similar protective effects on
hypertension programmed by HFD.

We first evaluated the mRNA and protein level of AMPK (Figure 3). As a result, we demonstrated
that HFD or AICAR in pregnancy had neglectable effect on renal mRNA expression of AMPK-α2,
-β2, and -γ2. However, AICAR treatment in lactation significantly increased AMPK-α2, -β2, and -γ2
mRNA expression compared to the control as well as HFD group (Figure 3A). Also, AICAR treatment
in pregnancy caused a higher AMPK-γ2 mRNA expression in the HFD + AICAR/P group than that in
the controls. Additionally, HFD reduced phosphorylated AMPKα protein abundance compared to
the controls (Figure 3B). Consistent with the change in mRNA level, AICAR treatment in lactation
significantly increased the renal protein level of phosphorylated AMPKα in offspring kidneys.

We next analyzed AMPKα2 (Figure 3C) using the immunohistochemical examination of renal
sections. Immunostaining of AMPKα2 in the glomeruli and renal tubules indicated intense staining in
the control (145 ± 19 positive cells), AICAR/P group (135 ± 24 positive cells), and HFD + AICAR/L
group (141 ± 26 positive cells), an intermediate level of staining in the HFD + AICAR/P group (95 ± 22
positive cells), and little staining in the HFD group (29 ± 11 positive cells) (Figure 3C).
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Figure 2. Effect of high-fat diet (HFD) and AICAR treatment in pregnancy (AICAR/P) or lactation
(AICAR/L) on systolic blood pressure in male offspring. * p < 0.05 vs. control, # p < 0.05 vs. HFD.
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Figure 3. Effect of high-fat diet (HFD) and AICAR treatment in pregnancy (AICAR/P) or lactation
(AICAR/L) on (A) mRNA expression of AMP-activated protein kinase (AMPK) α-, β-, and γ-subunits;
(B) protein level of phosphorylated AMPKα (62 kDa) with represented blot and Ponceau S red (PonS)
staining; (C) light microscopic findings of AMPKα2 immunostaining in the kidney cortex in 16-week-old
male offspring; and (D) quantitative analysis of AMPKα2-positive cells per microscopic field (×400).
Bar = 50 μm; * p < 0.05 vs. control, # p < 0.05 vs. HFD, † p < 0.05 vs. AICAR/P.
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As AMPK is a key nutrient-sensing signal, we next analyzed the genes involved in the nutrient
sensing pathway. As shown in Figure 4, HFD reduced renal mRNA expression of Sirt1. AICAR therapy
in pregnancy significantly increased Sirt1, Sirt4, Pparg (encoding for PPARγ), and Ppargc1a (encoding
for PGC-1α) in HFD + AICAR/P group compared to the other four groups. While AICAR treatment in
pregnancy, unlike in lactation, had a negligible effect on nutrient-sensing signals. Also, we analyzed
PGC-1α in the offspring kidneys by immunohistochemistry (Figure 5). Similar to phosphorylated
AMPKα, AICAR treatment in lactation attenuated the reduction of PGC-1α expression caused by
HFD (control: 221 ± 26 positive cells; HFD group: 75 ± 15 positive cells; HFD + AICAR/L group:
192 ± 23 positive cells). AICAR treatment in pregnancy also increased the immunostaining of PGC-1α
(141 ± 24 positive cells) in the HFD + AIRCA/P group compared to that in the HFD group (Figure 5).
Taken together, these findings indicated that HFD downregulated AMPK/SIRT1/PGC-1α pathway,
which can be restored by AICAR treatment in lactation and to a lesser extent in pregnancy.

Because the interplay between ADMA-NO pathway and oxidative stress contributes to the
pathogenesis of programmed hypertension [11,12], we further investigated whether AICAR treatment
can mediate ADMA-NO pathway to prevent hypertension programmed by HFD (Table 3). Our results
showed that plasma L-citrulline level (the precursor of L-arginine) did not differ among the five
groups. HFD caused the decreases of plasma L-arginine level (the substrate for NO synthase) and
L-arginine-to-ADMA ratio, an index of NO bioavailability [22]. AICAR therapy in pregnancy caused
higher plasma L-arginine and ADMA levels in the AICAR/P groups than those in controls. AICAR
therapy in lactation restored the increases of plasma SDMA levels induced by HFD. Additionally,
AICAR therapy in pregnancy results in a higher plasma L-arginine level but a lower SDMA level in the
HFD + AICAR/P groups than those in the HFD group.
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Figure 4. Effect of high-fat diet (HFD) and AICAR treatment in pregnancy (AICAR/P) or lactation
(AICAR/L) on mRNA expression of (A) silent information regulator transcript 1 (SIRT1) and 4
(SIRT4); (B) peroxisome proliferator-activated receptor (PPAR) α-, β-, and γ-isoforms; and (C) PPARγ
coactivator-1α (PGC-1α) in 16-week-old male offspring kidneys. * p < 0.05 vs. control, # p < 0.05 vs.
HFD, † p < 0.05 vs. AICAR/P, ‡ p < 0.05 vs. HFD + AICAR/L.
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Figure 5. (A) Light microscopic findings of PPAR coactivator-1α (PGC-1α) immunostaining in the
kidney cortex in 16-week-old male offspring. Bar = 50 μm; (B) quantitative analysis of PGC1α-positive
cells per microscopic field (400×); * p < 0.05 vs. control, # p < 0.05 vs. HFD.

Table 3. Plasma l-citrulline, l-arginine, ADMA, and SDMA levels in 16-week-old male offspring
exposed to high-fat diet (HFD) and AICAR in pregnancy or lactation.

Groups Control HFD AICAR/P
HFD +

AICAR/L
HFD +

AICAR/P

L-citrulline 59.7 ± 4.5 53.7 ± 3.4 55.1 ± 4.6 57.1 ± 3.1 62.7 ± 3
L-arginine 141.4 ± 6.2 104.6 ± 4.4 a 171.2 ± 10.6 a 115.5 ± 3.3 a 140.2 ± 7.2 c

ADMA 1.35 ± 0.12 1.42 ± 0.09 1.73 ± 0.11 a 1.53 ± 0.06 1.19 ± 0.07
SDMA 0.57 ± 0.11 0.7 ± 0.03 0.7 ± 0.06 0.52 ± 0.02 b 0.49 ± 0.05 c

L-arginine-to-ADMA ratio 110 ± 12 75 ± 3 a 99 ± 3 76 ± 3 a 118 ± 4 c

ADMA, asymmetric dimethylarginine; SDMA, symmetric dimethylarginine; HFD, high-fat diet; AICAR/P, AICAR
treatment during pregnancy; HFD+AICAR/L, high-fat diet plus AICAR treatment during lactation; HFD+AICAR/P,
high-fat diet plus AICAR treatment during pregnancy; n = 7/group; a p < 0.05 vs. control; b p < 0.05 HFD vs. HFD +
AICAR/L; c p < 0.05 HFD vs. HFD + AICAR/P.

We further assessed oxidative stress by immunostaining of 8-hydroxydeoxyguanosine (8-OHdG),
a metabolite of oxidative damage to leukocyte DNA. Cytoplasmic and nuclear staining was present
with little staining in the control group (5 ± 1 positive cells), a similar intermediate intensity in the
AICAR/P (60 ± 3 positive cells), HFD + AICAR/L (55 ± 10 positive cells), and HFD + AICAR/P
group (63 ± 9 positive cells), and intense staining in the HFD (155 ± 22 positive cells) (Figure 6).
Additionally, HFD + AICAR/P group had a higher L-arginine level, and a lower ADMA level and
L-arginine-to-ADMA ratio than those in the HFD + AICAR/L group. Taken together, our findings
implied that AICAR therapy in pregnancy protects hypertension programmed by HFD is related to
restoration of ADMA-NO pathway. Unlike its use in pregnancy, AICAR treatment in lactation had
neglectable effect on ADMA-NO pathway.

24



Nutrients 2020, 12, 448

ControlNegative Control HFD

AICAR/P

B

A

HFD+AICAR/L HFD+AICAR/P

Control HFD
AICAR/P

HFD+AICAR/L

HFD+AICAR/P

8O
Hd

G-
po

sit
iv

e 
ce

lls
/f

ie
ld

0

50

100

150

200 *

*

*

*# # #

Figure 6. (A) Light microscopic findings of 8-hydroxydeoxyguanosine (8-OHdG) immunostaining in the
kidney cortex in 16-week-old male offspring. Bar = 50 μm; (B) quantitative analysis of 8-OHdG-positive
cells per microscopic field (×400); * p < 0.05 vs. control, # p < 0.05 vs. HFD.

4. Discussion

Our study describes, for the first time, direct AMPK activation using its activator AICAR protects
male offspring against hypertension programmed by maternal plus post-weaning high saturated fat
intake and puts special emphasis on the analysis of nutrient-sensing signals and oxidative stress.
The major findings of this study were: (1) maternal plus post-weaning HFD resulted in hypertension
and obesity in male adult offspring, which could be prevented by AICAR therapy used either during
gestation or lactation; (2) HFD induced programmed hypertension is related to downregulation of
AMPK/SIRT1/PGC-1α pathway; (3) therapeutic use of AICAR in lactation, to a greater extent than in
pregnancy, activated AMPK signaling pathway; (4) the anti-hypertensive effect of AICAR therapy
used in pregnancy and/or lactation is, at least in part, due to restoration of ADMA-NO pathway;
and (5) both AICAR uses in pregnancy and lactation attenuated oxidative stress programmed by HFD
in offspring kidneys.

Unlike other direct AMPK activators show isoform-specific activations, AICAR is a potent
pan-activators for all 12 heterotrimetric AMPK complexes [23]. In line with previous studies using
indirect AMPK activators [18,24–26], this is the first report of AICAR therapy activating AMPK
signaling pathway to prevent hypertension of developmental origins [26]. We observed that the
anti-hypertensive effect of AICAR either used during pregnancy or lactation was starting in week 8
and over time. Results from the present study support the argument that the reduction of BP is mainly
due to reprogramming effect of AICAR instead of its acute hypotensive effect. Although AICAR has
been shown good safety in a clinical trial to treat cancer patients [27], at high concentration it is toxic
for mammalian cells [28]. As a result, we demonstrated that AICAR therapy in pregnancy or lactation
showed similar offspring’s BP. Of note is that AICAR use in lactation had a greater effect on activating
AMPK signaling pathway than in pregnancy. As AICAR can induce AMPK activity in placenta [21],
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its transfer and metabolism by the placenta might explain the discrepancy. However, additional studies
are required to elucidate the ideal dose and timing for AICAR use in programmed hypertension.

The results of this study showed that one positive effect of AICAR is relevant to activation of
the AMPK/SIRT1/PGC-1α pathway. Early-life environmental insults can program AMPK and other
nutrient-sensing signals to regulate PPARs and their target genes, hence provoking programmed
hypertension [29]. Since that systemic BP was higher in AMPKα2 knockout mice than in wildtype
mice [30], and that our previous studies showed AMPKα2 protein is related to programmed
hypertension [25,31], we mainly focused on determining AMPKα2 protein level in the current
study. Our previous study reported that resveratrol, a known natural activator of AMPK, prevents
hypertension programmed by HFD associated with increased protein levels of SIRT1 and AMPKα2 [25].
Additionally, we recently found that resveratrol therapy activated AMPK/SIRT1/PGC-1α pathway
and protected offspring against hypertension and oxidative stress in another hypertension model of
programming [31].

Given that resveratrol has multifaceted biological functions, its reprogramming effects might not
directly relate to AMPK activation. Results of the current study go beyond previous reports, showing
that therapeutic use of direct AMPK activator AICAR in lactation activated AMPK/SIRT1/PGC-1α
pathway and prevented the development of hypertension concurrently. Although AICAR use in
pregnancy had a minor effect of mRNA expression of several nutrient-sensing signals and protein level
of AMPKα2 compared to its use in lactation, both treatments displayed similar impacts on protein
levels of PGC-1α. Future research should certainly further test whether other isoform-specific AMPK
activators can serve as potential intervention to reverse the programming processes to prevent the
developmental programming of hypertension and examine them in different kinds of programmed
hypertension models.

Another beneficial effect of AICAR is via restoration of NO system. Our earlier report showed that
metformin, an indirect AMPK activator, prevents the development of hypertension in spontaneously
hypertensive rats via reducing ADMA and increasing NO production [32]. In the current study,
AICAR therapy in pregnancy prevents hypertension that is associated with increased plasma levels of
L-arginine and L-arginine-to-ADMA ratios, but decreased plasma levels of ADMA and SDMA. Since
L-arginine-to-ADMA ratios represent NO bioavailability [22], both ADMA and SDMA are inhibitors of
NO synthase [33], signals formed by NO pathway are supposed to cause vasodilatation. Therefore, our
data are in accordance with the previous findings reported that AICAR ameliorates portal hypertension
via preserving NO pathway [34]. We conducted the AICRA/P group to evaluate the programming
effect of AICAR in control offspring. Although AICAR use in pregnancy had neglectable effects on BP
and nutrient-sensing signal pathway in controls, our results showed higher plasma L-arginine and
ADMA levels and greater intensity of 8-OHdG staining in the AICAR/P group compared to controls.
Thus, whether AICAR use in pregnancy might induce other programming effects in control offspring
deserves further clarification.

In this work, another preventive effect of AICAR against HFD-induced programmed hypertension
might be, at least in part, due to reduction of oxidative stress. Oxidative stress is a well-known
mechanism involved in the developmental programming of hypertension [12]. AMPK activation
has been shown to suppress pro-oxidant enzymes and upregulate anti-oxidant enzymes, to reduce
oxidative stress [35,36]. Our data demonstrated the presence of 8-OHdG staining, an oxidative stress
damage marker, in the offspring exposed to HFD, which was attenuated by AICAR therapy. A similar
pattern of results was obtained from AICAR therapy either used during pregnancy or lactation
period. These findings support the notion that AMPK activation by AICAR in early life could prevent
HFD-induced oxidative stress in adult offspring.

Our study has some limitations that are worth noting. Although current research is geared
primarily to finding the beneficial effect of AICAR in the kidneys, its protective effect may come from
other organs that regulate BP, such as the brain, the heart, and the vasculature. Although AMPK
activation has been initially recognized as a dominant effect of AICAR, this compound also triggers
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AMPK-independent effects [37]. Further studies should investigate organ- and isoform-specific effects
of AICAR and other AMPK activators to clarify their relationships with programmed hypertension in
different models of programmed hypertension. Second, we did not examine the different doses of
AICAR, regardless of we did test AICAR in two therapeutic durations. Although therapeutic uses of
AICAR in pregnancy or lactation exert similar BP-lowering effects, they had differential impacts on NO
system and nutrient-sensing signals. This is an interesting topic for future work. We did not conduct
a control group that received AICAR treatment during lactation because we have conducted the
AICAR/P group to evaluate programming effects of AICAR on normal control offspring. Nevertheless,
the programming effects of AICAR treatment during pregnancy or lactation might be different and that
deserve further elucidation. Lastly, we did not evaluate sex difference in response to AICAR, as only
male offspring were recruited in this study. The reason for this is due to the nature of programmed
hypertension, hypertension occurred at an early age in males than females [20] and we measured BP in
young adulthood.

5. Conclusions

In summary, the current findings cast a new light on therapeutic uses of AICAR in pregnancy or
lactation to prevent hypertension programmed by HFD. Our results lend additional support to the
notion that pharmacological AMPK activation can be a possible reprogramming strategy to improve the
alarming scenario of hypertension and its related disorders. The ultimate challenge will be successful
translation of the promising preclinical findings from animal studies into practical clinical applications.
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Abstract: This is the first study to assess the effect of N-acetylcysteine (NAC) on the mitochondrial
respiratory system, as well as free radical production, glutathione metabolism, nitrosative stress,
and apoptosis in the salivary gland mitochondria of rats with high-fat diet (HFD)-induced insulin
resistance (IR). The study was conducted on male Wistar rats divided into four groups of 10 animals
each: C (control, rats fed a standard diet containing 10.3% fat), C + NAC (rats fed a standard diet,
receiving NAC intragastrically), HFD (rats fed a high-fat diet containing 59.8% fat), and HFD + NAC
(rats fed HFD diet, receiving NAC intragastrically). We confirmed that 8 weeks of HFD induces
systemic IR as well as disturbances in mitochondrial complexes of the parotid and submandibular
glands of rats. NAC supplementation leads to a significant increase in the activity of complex
I, II + III and cytochrome c oxidase (COX), and also reduces the ADP/ATP ratio compared to
HFD rats. Furthermore, NAC reduces the hydrogen peroxide production/activity of pro-oxidant
enzymes, increases the pool of mitochondrial glutathione, and prevents cytokine formation, apoptosis,
and nitrosative damage to the mitochondria in both aforementioned salivary glands of HFD rats.
To sum up, NAC supplementation enhances energy metabolism in the salivary glands of IR rats,
and prevents inflammation, apoptosis, and nitrosative stress.

Keywords: apoptosis; inflammation; insulin resistance; NAC; salivary glands; mitochondrial activity;
nitrosative stress

1. Introduction

N-acetyl-cysteine (NAC) is a derivative of a thiol-containing amino acid, which—directly or
indirectly, by increasing the concentration of glutathione—demonstrates antioxidant properties. NAC is
a cysteine donor for the synthesis of reduced glutathione (GSH). GSH is the most important intracellular
antioxidant maintaining a reduced state of protein thiol groups, which is a prerequisite for sustaining
the activity of these proteins. GSH can directly deactivate oxygen free radicals (ROS) or be used by
glutathione peroxidase as a cofactor in the detoxification of hydrogen peroxide and peroxynitrite.
NAC also stimulates the activity of glutathione reductase (GR), an enzyme that restores the reduced
form of glutathione, using NADPH [1].

It has been evidenced that NAC reacts rapidly with highly reactive oxygen and nitrogen radicals.
In pH 7 and at room temperature, the rate of HO• elimination is (1.36 × 1010 M−1.s−1), the rate of NO2

•
nitrogen dioxide elimination is (1.0 × 107 M−1.s−1), and the rate for carbonate radical CO3

•− is (1.0 × 107
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M−1.s−1). Thus, NAC neutralizes free radicals produced by activated leukocytes, and is able to chelate
transition metal ions, such as Cu2+ and Fe3+ as well as heavy metal ions, such as Cd2+, Hg2+, and Pb2+

by creating complexes with thiols, that are easily removable from the body [2]. Chelation of Cu and Fe
ions prevents Fenton reactions and thus the production of one of the most dangerous free radicals:
The hydroxyl radical. NAC inhibits the activation of nuclear factor kappa B and reduces subsequent
expression of inflammatory cytokines [3]. It also lowers the degree of lipid peroxidation as well
as the generation of superoxide anions by activating polymorphonuclear leukocytes independently
of calcium [4]. Moreover, studies have demonstrated that NAC may affect the respiratory chain in
the mitochondria, and inhibit the apoptotic pathway [5]. Experimental studies have indicated that
long-term administration of NAC improves heart and brain mitochondrial activity [6] and prevents
senile weakening of complexes I, IV, and V in hepatocyte mitochondria [7]. In vitro studies have
shown that NAC supplementation has a protective effect on cytochrome c oxidase and complexes
I, IV, and V, prevents drops in ATP concentration [8,9] and protects mitochondrial potential [10].
It was also demonstrated that NAC restores mitochondrial transport and improves calcium uptake
in the cells of injured rat brains [11], which was attributed to the redox state of thiol groups in
mitochondrial complexes.

It should be emphasized that excessive production of ROS, accompanied by a shortage of
antioxidants, results in a condition defined as oxidative stress (OS). Oxidative stress leads to disturbances
of cell metabolism and degradation of all cell components [12], resulting in cell death and dysfunctions
of organs. Therefore, in recent years we have observed a growing interest in the therapeutic effect of
NAC in a wide range of diseases in which OS plays a key role in initiation as well as progression.

In our previous studies we demonstrated that insulin resistance (IR) induced by a high-fat
diet interferes with antioxidant systems of parotid and submandibular salivary glands, leading to
the oxidation of DNA, proteins, and lipids. This was associated with morphological changes of salivary
gland parenchyma, and it disturbed the qualitative and quantitative composition of saliva [13–15].
We also observed that IR induced by eight-week high-fat feeding impairs mitochondrial function in both
salivary glands by enhancing ROS production and apoptosis, and demonstrated that the mitochondrial
system and NOX both increase oxidative and nitrosative stress in both salivary glands [16]. We proved
that NAC supplementation strengthens both enzymatic and non-enzymatic antioxidant mechanisms
of parotid as well as submandibular glands, and prevents oxidative damage to and dysfunction of
the parotid gland of rats with IR induced by high-fat diet [15]. Salivary redox imbalance increases
oral cavity diseases associated with OS (tooth decay, gingivitis, periodontitis, oral mucosa ulceration,
candidiasis, or burning mouth syndrome) [17–20]. Indeed, such lesions are found in a large percentage
of people with obesity, insulin resistance, or diabetes mellitus [17,21–24]. Therefore, it is essential to
maintain/restore effective functioning of antioxidant systems and thus maintain ROS concentration
at a level enabling salivary redox balance.

However, so far there have been no studies evaluating the effect of NAC on mitochondrial
oxidative/nitrosative stress and apoptosis, and no studies have assessed whether or not this substance
can rescue mitochondrial function in the salivary glands in the rat model of IR.

Therefore, the aim of our study was to examine the effect of NAC supplementation on salivary
glands: Their mitochondrial respiratory system and function, mitochondrial ROS production
and glutathione metabolism, the activity of NOX and XO, as well as some parameters of nitrosative
stress and apoptosis in the rat model of insulin resistance.

2. Materials and Methods

The study was approved by the Local Ethical Committee for Animal Experiments in Bialystok,
No. 21/2017.
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2.1. Animals

The experiment was performed on male Wistar rats with the initial body weight of approximately
50–72 g. Throughout the entire study, the rats were housed under standard laboratory animal housing
conditions (21 ◦C, 12 h light/dark cycle), with free access to water and food [25].

After six days of adaptation to the conditions in the animal house, the rats were divided into four
groups of 10 individuals each:

Group I—(C) control; rats receiving standard type LSM feed (Agropol Motycz Polska)
containing 10.3% fat, 24.2% proteins and 65.5% carbohydrates, and 2 mL/kg body weight saline
solution intragastrically (once a day, every day for eight weeks);

Group II—(C + NAC) rats receiving standard type LSM feed as well as N-acetylcysteine solution
at a dose of 500 mg/kg body weight intragastrically (once a day, every day for eight weeks) at a volume
of 2 mL/kg body weight (NAC, Sigma A9165) [26];

Group III—(HFD) rats fed high-fat diet (Research Diet, USA, catalog number D12492)
containing 59.8% fat, 20.1% proteins, 20.1% carbohydrates [14] and 2 mL/kg body weight saline
solution intragastrically (once a day, every day for eight weeks);

Group IV—(HFD + NAC) rats fed the abovementioned high-fat diet and, intragastrically
(once a day, every day for eight weeks), N-acetylcysteine solution at a dose of 500 mg/kg body
weight, at a volume of 2 mL/kg body weight.

Intragastric administration of saline and NAC solutions was performed at a fixed time during
the day (between 8 and 9 a.m.) by two trained and authorized experts (A.Z., M.M.). Food intake was
monitored once a week, and body weight was measured every two days, which allowed us to decide
on an appropriate dose of NAC.

After eight weeks, upon an all-night refraining from any food intake, the concentration of glucose
was determined, in phenobarbital anesthetic (80 mg × kg−1, intraperitoneally), in blood collected
from the caudal vein using a glucometer [27]. Then the rates of non-stimulated and stimulated saliva
secretion were measured (pilocarpine hydrochloride at a dose of 5 mg/kg body weight, intraperitoneally;
Sigma, Chemical Co., St Louis, MO, USA) in rats of all groups [15].

Next, blood was collected from the abdominal artery, and submandibular and parotid salivary
glands were taken. The tissues were freeze-clamped with aluminum tongs, precooled in liquid nitrogen,
and stored at −80 ◦C until the redox assays (but not longer than four weeks).

The plasma insulin level was determined by a commercial ELISA kit (Shibayagi Co., Gunma, Japan)
according to the manufacturer’s instructions. To confirm IR, insulin sensitivity was calculated by
HOMA-IR index (homeostasis model assessment of insulin resistance = fasting insulin [U/mL] ×
fasting glucose [mM]/22.5) [28]. Plasma free fatty acids (FFA) were analyzed by gas chromatography
(GC) [29].

2.2. Mitochondria Isolation

On the day of the biochemical part of the experiment, the collected salivary glands were slowly
thawed at 4 ◦C, weighed and cut into small pieces with scissors. Thus prepared, glands were
homogenized (1:10, w/v) with a Teflon-and-glass electric homogenizer in ice-cold mitochondrial
isolation buffer containing 250 mM sucrose, 5 mM Tris-HCl and 2 mM ethylene glycol bis(2-aminoethyl)
tetraacetic acid (EGTA), pH 7.4. To prevent protein degradation and proteolysis, protease inhibitors
were added. Homogenate was centrifuged (500× g, 10 min, 4 ◦C) and the resulting supernatant was
centrifuged twice at 8000× g for 10 min at 4 ◦C. The mitochondria pellet was resuspended in isolation
buffer and used on the same day for assays.

In the mitochondrial fraction we did not detect cytoplasmic glyceraldehyde 3-phosphate
dehydrogenase or the nuclear marker histone H3 (data not shown, western blot technique),
which excludes extra-mitochondrial changes and proves purity of this fraction [30].
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2.3. Mitochondrial Assays

The following were assayed in the mitochondrial fraction: The activity of mitochondrial complexes,
ADP/ATP ratio, rate of hydrogen peroxide production, glutathione metabolism, pro-oxidative enzymes,
nitrosative stress, and selected markers of inflammation and apoptosis. All the determinations
were performed in duplicate samples and the results were standardized to 1 mg of total protein.
The total protein content was measured using the bicinchoninic acid (BCA) method. A commercial
kit (Thermo Scientific PIERCE BCA Protein Assay; Rockford, IL, USA) was used according to
the manufacturer’s instructions. The absorbance/fluorescence/chemiluminescence was measured
with Infinite M200 PRO Multimode Microplate Reader from Tecan.

2.4. Activity of Mitochondrial Complexes

The activity of complex I (E.C. 1.6.5.3) was measured colorimetrically based on
2,6-dichloroindophenol reduction by electrons accepted from coenzyme Q1, reduced after oxidation of
NADH (reduced form of nicotinamide adenine dinucleotide) by complex I [31].

The activity of complex II (E.C. 1.3.5.1) and complex II + III (E.C. 1.10.2.2) was measured according
to Rustin et al. [32]. The activity of succinate-ubiquinone reductase and succinate-cytochrome c
reductase (respectively) were measured colorimetrically.

Cytochrome c oxidase (COX) activity was examined colorimetrically by measuring the oxidation
of reduced cytochrome c at 550 nm wavelength [33].

2.5. ADP/ATP Ratio and Hydrogen Peroxide Production

The ADP/ATP ratio was measured using a bioluminescent method based on the conversion of ATP
by luciferase. A commercial kit (ADP/ATP Ratio Assay Kit ab65313, Abcam, Burlingame, CA, USA)
was used according to the manufacturer’s instructions.

Hydrogen peroxide (H2O2) production was analyzed by measuring the increase in fluorescence
at 530/590 nm wavelength due to the reaction of Amplex Red with H2O2 in the presence of horseradish
peroxidase [34]. H2O2 formation rate was calculated using a standard curve of H2O2 stabilized solution.

2.6. Activity of Citrate Synthase

Citrate synthase (CS) activity was measured colorimetrically using the reaction with
5-thio-2-nitrobenzoic acid generated from 5,5′-dithiobis-2-nitrobenzoic acid during CS synthesis [35].

2.7. Reduced and Oxidized Glutathione and Redox Status

The level of total glutathione was measured based on an enzymatic reaction with
5,5′-dithiobis-(2-nitrobenzoic acid) (DTNB), NADPH and glutathione reductase (GR) [36].

Oxidized glutathione (GSSG) was estimated similarly to the assay performed for total glutathione;
however, prior to the determination, the samples had been thawed and neutralized to pH 6–7 using 1 M
chlorhydrol triethanolamine. Then, samples were incubated with 2-vinylpyridine [36].

The level of reduced glutathione (GSH) was calculated from the difference between the level of
total glutathione and GSSG [36].

Redox (oxidation/reduction) status was calculated using the formula: [GSH]2/[GSSG].

2.8. Pro-Oxidant Enzymes

NADPH oxidase (NOX, E.C. 1.6.3.1) activity was measured by luminescence assay using lucigenin
as an electron acceptor [37]. One unit of NOX activity was defined as the quantity of the enzyme
required to release 1 nmol of superoxide radical for 1 min.

Xanthine oxidase (XO, E.C. 1.17.3.2.) activity was assessed based on uric acid production by
measuring the increase in its optical density at 290 nm wavelength [38]. One unit of XO activity was
defined as the amount of the enzyme required to release 1μmol of uric acid for 1 min.
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2.9. Inflammation and Apoptosis

Interleukin-1β (IL-1β) level was measured using the enzyme-linked immunosorbent assay (ELISA)
method. A commercial kit (IL-1β ELISA kit, R&D Systems; Canada, Minneapolis, MN, USA) was used
according to the manufacturer’s instructions.

Caspase-3 (CAS-3, EC 3.4.22.56) activity was measured colorimetrically using Ac-Asp-Glu-Val-Asp
-p-nitroanilide as a substrate [39]. The amount of p-nitroaniline released by CAS-3 was measured at 405
nm wavelength.

2.10. Nitrosative Stress

Nitric oxide (NO) level was measured colorimetrically using sulfanilamide and N-(1-naphthyl)-
ethylenediamine dihydrochloride. The absorbance of the obtained product was measured at 490 nm
wavelength [40].

Peroxynitrite level was measured colorimetrically based on peroxynitrite-mediated nitration
leading to the formation of nitrophenol [41]. The absorbance of the obtained complex was measured
at 320 nm wavelength.

Nitrotyrosine level was measured using the ELISA method. A commercial kit (Nitrotyrosine ELISA;
Immundiagnostik AG, Bensheim, Germany) was used according to the manufacturer’s instructions.

2.11. Statistical Analysis

The statistical analysis was performed using GraphPad Prism 8 for MacOS (GraphPad Software,
La Jolla, CA, USA). Normality of the results distribution was determined using the Shapiro-Wilk
test. The results were expressed as mean ± SD. One-way ANOVA, Tukey’s multiple comparisons
test, and Pearson correlation coefficient were used. Multiplicity adjusted p value was calculated.
The statistical significance was defined as p < 0.05.

3. Results

3.1. General Characteristics

Eight weeks of high-fat feeding resulted in a significant increase in rat weight compared to
the control rats fed normal chow (p < 0.0001). NAC administration prevented rat weight gain as body
weight of HFD + NAC rats was significantly lower than of rats fed only high-fat diet (p < 0.0001).
An eight-week high-fat diet resulted in a considerable increase in the level of glucose (p < 0.0001
and p < 0.0001, respectively), insulin (p < 0.0001 and p < 0.0001, respectively) and fatty acids (p < 0.0001
and p < 0.0001, respectively) compared to both the group fed standard diet and rats fed HFD + NAC
solution. The HOMA-IR insulin sensitivity index was significantly higher in the high-fat diet group
compared to the controls and rats fed HFD+NAC (p= 0.0001, p= 0.0001, respectively). The comparison
of the described parameters between the control group and HFD + NAC group did not reveal any
significant differences. Rats from HFD (p = 0.0026) and HFD +NAC (p = 0.0083) groups consumed
considerably less feed compared to the control rats, with energy efficiency significantly higher in
both groups fed high-fat diet (HFD, HFD + NAC) in relation to the controls (p = 0.01 and p = 0.01,
respectively) (Table 1).

The secretion of non-stimulated saliva did not differ significantly between the studied groups,
with HFD rats characterized by clearly decreased secretion of stimulated saliva compared to the control
group (p < 0.0001). NAC supplementation prevented the reduction of stimulated saliva secretion
in rats fed high-fat diet, and in this group the stimulated saliva secretion was significantly higher
compared to HFD group (p < 0.0001) (Table 1).
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Table 1. Effect of N-acetyl-cysteine (NAC) supplementation on body weight, plasma metabolic
parameters, food intake, salivary flow rate and salivary gland weight.

C C + NAC HFD HFD + NAC

Final body weight (g) 280.0 ± 12.31 278.3 ± 26.62 380.9 ± 30.42 * 314.5 ± 32.78 *,#

Plasma glucose (mg/dL) 90.67 ± 6.19 91.77 ± 11.84 148.6 ± 7.99 * 98.50 ± 8.41 *,#

Plasma insulin (mIU/mL) 78.92 ± 8.46 76.86 ± 9.75 165.4 ± 12.79 * 84.49 ± 17.07 *,#

HOMA-IR 2.93 ± 1.36 2.56 ± 2.45 20.11 ± 1.96 * 2.89 ± 1.83 #

Plasma free fatty acids (μmol/L) 75.59 ± 10.99 69.80 ± 8.83 173.4 ± 11.99 * 86.38 ± 12.5 *,#

Food intake (mg/day) 20.98 ± 3.95 21.70 ± 6.93 11.12 ± 6.1 * 12.19 ± 5.68 *,#

Energy from chow (MJ/day) 0.19 ± 0.1 0.17 ± 0.1 0.31 ± 0.12 * 0.27 ± 0.1 *

Non-stimulated salivary flow (μL/min) 0.4229 ± 0.12 0.3813 ± 0.11 0.3707 ± 0.14 0.4195 ± 0.09

Stimulated salivary flow (μL/min) 110.2 ± 9.77 103.5 ± 10.76 70.08 ± 8.14 * 105.2 ± 12.05 *,#

C—control rats; C + NAC—control rats + N-acetylcysteine; HFD—rats fed high-fat diet; HFD + NAC—rats fed
high-fat diet + N-acetylcysteine; PG—parotid glands; SMG—submandibular glands; HOMA-IR—homeostasis
model assessment of insulin resistance; * p < 0.05 vs. control; # p < 0.05 vs. HFD.

3.2. Activity of Mitochondrial Complexes

An eight-week high-fat diet resulted in a considerable reduction of complex I activity in both
parotid (−21%, p < 0.0001) and submandibular (−48%, p < 0.0001) glands compared to the control
group. Chronic treatment with NAC significantly increased the activity of complex I in the parotid
and submandibular glands of HFD + NAC rats in relation to the HFD group (+ 42%, p < 0.0001; +68%,
p < 0.0001, respectively), to a level similar to the control rats fed normal chow (Figure 1).

High-fat diet and NAC supplementation did not affect the activity of complex II. In all the studied
groups the activity of this complex remained at a similar level as in the control rats fed normal chow
(Figure 1).

The activity of complex II + III in the parotid glands of rats fed a high-fat diet, although lower,
did not differ from the control group. Chronic treatment with NAC significantly increased the activity
of complex II + III in the parotid glands compared to the HFD group (+ 10%, p < 0.0001), but its activity
in the HFD + NAC group did not differ significantly from the control group.

An eight-week high-fat diet resulted in a significant reduction in the activity of complex II + III in
the submandibular glands compared to the control group (−12%, p < 0.0001). NAC supplementation
prevented the reduction of complex II + III activity on the one hand, because the activity of this complex
in the HFD + NAC group did not differ from the control group, but on the other hand it did not differ
from the values obtained in HFD group (Figure 1).

COX activity in the parotid (+ 27%, p < 0.0001) and submandibular (+ 66%, p < 0.0001) glands
of rats fed a high-fat diet for eight weeks was significantly elevated compared to the controls.
NAC supplementation prevented an increase in COX activity in both salivary glands, as COX activity
in the parotid and submandibular glands of HFD + NAC was significantly reduced compared to
the HFD group (−40%, p < 0.0001, −23%, p < 0.0001, respectively) (Figure 1).

3.3. ADP/ATP Ratio and H2O2 Level

ADP/ATP ratio in the in the parotid (+ 20%, p = 0.0019) and submandibular (+ 24%, p = 0.003)
glands of rats fed high-fat diet for eight weeks was significantly higher than in the group fed normal
chow. NAC supplementation prevented ADP/ATP ratio from increasing in both salivary glands
as ADP/ATP ratio in the parotid and submandibular glands of HFD + NAC rats was significantly
reduced compared to the HFD group (−20%, p = 0.005, −24%, p = 0.0034, respectively) (Figure 2).
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Figure 1. Effect of NAC supplementation on mitochondrial respiratory complexes in the parotid
and submandibular glands of insulin resistant rats. C—control rats; C +NAC—control rats +N-acetylcysteine;
HFD—rats fed high-fat diet; HFD +NAC—rats fed high-fat diet +N-acetylcysteine; PG—parotid glands;
SMG—submandibular glands; COX—cytochrome c oxidase; **** p < 0.0001.
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The level of H2O2 was significantly higher in the parotid and submandibular glands of rats fed
with high-fat diet compared to the control rats (+ 48%, p < 0.0001, +14%, p = 0.0017, respectively).
NAC supplementation prevented the increase in H2O2 production in both glands, so H2O2 concentration
in the parotid and submandibular glands of HFD + NAC rats was lower compared to the HFD group,
and at the same time it did not differ from the control group (−37%, p < 0.0001, −14%, p = 0.0058,
respectively) (Figure 2).

Figure 2. Effect of NAC supplementation on ADP/ATP ratio and hydrogen peroxide production in
salivary gland mitochondria. C—control rats; C + NAC—control rats + N-acetylcysteine; HFD—rats
fed high-fat diet; HFD + NAC—rats fed high-fat diet + N-acetylcysteine; PG—parotid glands;
SMG—submandibular glands; H2O2—hydrogen peroxide. ** p < 0.005, **** p < 0.0001.

3.4. Activity of Mitochondrial CS

An eight-week high-fat diet resulted in a significant reduction of CS activity in both the parotid
(−28%, p < 0.0001) and submandibular (−39%, p < 0.0001) glands compared to the control group.
Chronic treatment with NAC considerably increased CS activity in the submandibular glands compared
to the HFD group (+ 47%, p < 0.0001). In the parotid glands, NAC supplementation prevented
the reduction of CS activity on the one hand—because the activity of this complex in the HFD + NAC
group did not differ from the controls—but on the other hand CS activity did not differ from the values
obtained in the HFD group (Figure 3).

3.5. GSH, GSSG and Redox Status

A high-fat diet consumed for eight weeks resulted in a significant reduction of GSH concentration
and redox status in the mitochondria of both parotid (−50%, p < 0.0001, −57% p < 0.0001, respectively)
and submandibular (−21%, p = 0.0135, −37%, p = 0.04, respectively) glands compared to the control
group. In the mitochondria of HFD rats’ parotid glands we also observed a significant increase in
GSSG concentration compared to the controls (+ 37%, p < 0.0001). NAC supplementation resulted
in increased GSH content and redox status in the mitochondria of parotid (+ 56%, p = 0.0016, +31%,
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p = 0.0077, respectively) and submandibular (+ 26%, p = 0.0194, +51%, p = 0.0039, respectively)
glands as well as decreased GSSG content (−17%, p < 0.0001) in the mitochondria of parotid glands
compared to the HFD group and to the GSSG level of the control group (Figure 4).

Figure 3. Effect of NAC supplementation on citrate synthase activity in the salivary gland
mitochondria. C—control rats; C + NAC—control rats + N-acetylcysteine; HFD—rats fed high-fat diet;
HFD +NAC—rats fed high-fat diet +N-acetylcysteine; PG—parotid glands; SMG—submandibular
glands; CS—citrate synthase; **** p < 0.0001.

3.6. Activity of NOX and XO

A high-fat diet resulted in increased activity of NOX (+ 54%, p < 0.0001, +30%, p < 0.0001,
respectively) and XO (+ 42%, p < 0.0001, +55%, p < 0.0001, respectively) in the mitochondria of both
parotid and submandibular glands compared to the control group. NAC supplementation prevented
an increase in NOX and XO activity in the mitochondria of both salivary glands as the activity of both
NOX and XO in parotid (−50%, p < 0.0001, −30%, p < 0.0001, respectively) and submandibular (−27%,
p < 0.0001, −22%, p < 0.0001, respectively) glands in the HFD +NAC group was significantly lower
compared to HFD group (Figure 5).

3.7. Inflammation and Apoptosis

HFD rats were characterized by significantly increased IL-1β concentration and CAS-3 activity in
the mitochondria of parotid (+ 80%, p < 0.0001, +56%, p < 0.0001, respectively) and submandibular
(+ 172%, p < 0.0001; +94%, p = 0.0004; respectively) glands compared to the controls. NAC
supplementation resulted in decreased IL-1β concentration and CAS-3 activity in the mitochondria of
parotid (−33%, p = 0.0007; −40%, p < 0.0001, respectively) and submandibular (−33%, p < 0.0001; −22%,
p < 0.0001; respectively) glands compared to HFD rats, in relation to the levels observed in the control
group (Figure 6).

3.8. Nitrosative Stress

HFD rats showed significantly increased NO, peroxynitrite and nitrotyrosine concentration in
the mitochondria of parotid (+ 65%, p < 0.0001; +63%, p < 0.0001, +12%, p < 0.0001; respectively)
and submandibular (+ 62%, p < 0.0001; +86%, p < 0.0001; +23%, p < 0.0001; respectively)
glands compared to the controls. NAC supplementation resulted in decreased NO, peroxynitrite,
and nitrotyrosine concentration in the mitochondria of parotid (−48%, p < 0.0001; −42%, p < 0.0001,
−19%, p < 0.0001; respectively) and submandibular (−50%, p < 0.0001; −67%, p < 0.0001; −15%,
p < 0.0001; respectively) glands compared to HFD rats, in relation to the levels observed in the control
group (Figure 7).
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Figure 4. Effect of NAC supplementation on glutathione and redox status in the salivary gland
mitochondria. C—control rats; C + NAC—control rats + N-acetylcysteine; HFD—rats fed high-fat diet;
HFD + NAC—rats fed high-fat diet + N-acetylcysteine; GSH—reduced glutathione; GSSG—oxidized
glutathione; * p < 0.05, ** p < 0.005, **** p < 0.0001.
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Figure 5. Effect of NAC supplementation on pro-oxidant enzymes in the salivary gland mitochondria.
C—control rats; C +NAC—control rats +N-acetylcysteine; HFD—rats fed high-fat diet; HFD +NAC—rats
fed high-fat diet +N-acetylcysteine; NOX—NADPH oxidase; XO—xanthine oxidase; **** p < 0.0001.

Figure 6. Effect of NAC supplementation on inflammation and apoptosis biomarkers in the salivary
gland mitochondria. C—control rats; C+NAC—control rats+N-acetylcysteine; HFD—rats fed high-fat
diet; HFD + NAC—rats fed high-fat diet + N-acetylcysteine; IL-1β—interleukin 1β; CAS-3—caspase 3;
*** p < 0.0005, **** p < 0.0001.
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Figure 7. Effect of NAC supplementation on nitrosative stress biomarkers in the salivary gland
mitochondria. C—control rats; C + NAC—control rats + N-acetylcysteine; HFD—rats fed high-fat diet;
HFD + NAC—rats fed high-fat diet + N-acetylcysteine; NO—nitric oxide; **** p < 0.0001.

3.9. Correlations

In the parotid and submandibular glands of HFD + NAC rats we observed a negative correlation
between GSH concentration and H2O2 production (r = −0.72, p = 0.019; r = −0.902, p < 0.0001,
respectively) and between GSH and peroxynitrile (r = −0.713, p = 0.021; r = −0.801, p = 0.005,
respectively). In the group of HFD +NAC rats we also demonstrated a positive correlation between
CAS-3 activity and IL-2 concentration in submandibular glands (r = 0.936, p < 0.0001), and a positive
correlation between CAS-3 and NOX activities in parotid glands (r = 0.846, p = 0.002).
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4. Discussion

In our study we assessed the effect of NAC supplementation on salivary glands: Their mitochondrial
respiratory system and function, mitochondrial ROS production and glutathione metabolism, the activity
of NOX and XO, as well as some parameters of nitrosative stress and apoptosis in a rat model of
insulin resistance.

HFD is a suitable model of human IR [13,14,16,42]. As expected, the implemented eight-week
high-fat diet resulted in a significant increase in the body weight of rats, and decreased glucose tolerance
assessed by a considerably higher concentration of blood glucose and insulin as well as HOMA-IR
index compared to the control rats [43–45]. It was also observed that HFD induces OS [13–16] as well
as mitochondrial dysfunction and cell death [16] in the salivary glands of rats and mice [30], which was
confirmed in our study.

Chronic NAC treatment has been reported to be beneficial in IR and its complications [15,46–48].
We confirmed that NAC prevents hyperglycemia and hyperinsulinemia as well as impedes
the development of IR. We also confirmed the preventing effect of NAC in increasing body weight seen
in HFD rats compared to the HFD + NAC group. Despite the similar calorific value of the consumed
food, HFD + NAC rats were characterized by lower final body weight compared to HFD rats,
which most probably resulted from NAC-induced reduction in the intestinal absorption of the ingested
chow [49]. Żukowski et al. [15] demonstrated that NAC supplementation protects parotid glands
against oxidative stress, while the severity and extent of oxidative damage to submandibular glands of
HFD +NAC rats was only reduced by NAC treatment. Our results confirmed the observations that
NAC prevents parotid gland dysfunction, which was expressed as increased secretion of stimulated
saliva in HFD + NAC rats.

The primary source of ROS formation in the body is the respiratory chain in mitochondria. There,
electrons are transferred through the mitochondrial electron transport chain (mETC) to reduce molecular
oxygen [50–52]. Interestingly, the uncontrolled production of ROS in mETC has been implicated in
many pathological situations, and has also led to the dysfunction of the salivary glands in many
systemic diseases [16,30,53]. Therefore, attempts should be taken to regulate/restore mitochondrial
function to prevent oxidative damage to lipids, proteins, and DNA/RNA.

The effect of NAC treatment on mitochondrial: Respiratory complexes, H2O2 production and GSH,
activity of NOX and XO as well as on nitrosative stress, inflammation, and apoptosis in a rat model
of insulin resistance has not been described yet. Basically, we proved that NAC treatment provides
beneficial effects on mitochondrial function. In fact, parotid and submandibular gland mitochondria of
NAC-treated HFD rats showed a significant increase of complex I, II+ III, and COX, as well as a decrease
of ADP/ATP ratio compared to rats fed a high-fat diet. Thus, NAC reduces H2O2 production, increases
the pool of mitochondrial GSH, and prevents inflammation, apoptosis, and nitrosative stress in
the mitochondria of both salivary glands of HFD rats.

Mitochondrial complexes are of great importance as they play a key role in energy production.
All respiratory chain enzymes are proteins with active thiol groups that can sense redox status in the cell,
and simultaneously make these complexes very sensitive to oxidative modifications. The activity of
respiratory chain enzymes is inhibited in the case of redox imbalance of sulfhydryl groups. This balance
is disturbed by the deficiency of free sulfhydryl groups that are a ready source of reducing equivalents
to quench radical species, which keeps thiol groups of the enzymes in a reduced state also by excess
of free radicals [54]. NAC most likely prevents the reduction of mitochondrial complexes activity in
HFD rats’ salivary glands by protecting sulfhydryl groups from oxidation, as described for nerve cell
mitochondria [55]. Moreover, Banaclocha et al. [9] argue that NAC thiol groups may participate in
cofactor and substrate binding by forming covalent addiction products or charge transfer complexes.
Thiol groups provided by NAC can also help preserve the tertiary structure of mitochondrial enzymes
by serving as a donor for weak hydrogen bonds. The authors believe that these mechanisms can
improve the affinity of the enzymes to substrates and the internal electron transfer rate, or change
the affinity of the enzymes to oxygen.
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Moreover, NAC has an indirect antioxidant effect by providing cysteine and boosting GSH
synthesis. The observed increase in GSH concentration may also be related to the previously cited
NAC-suppressed NF-kB (nuclear factor kappa B) activation and upregulation of the gene expression of
this protein [56,57]. It should be noted that mitochondria do not synthesize their own GSH and therefore
it must be transported from the cytosol through a multi-component system located in the internal
mitochondrial membrane. The observed increase in GSH concentration in the mitochondria of both
salivary glands of rats is most probably the result of increased cytosolic GSH concentration and a boosted
rate of transport through mitochondrial membranes [58]. The main function of glutathione is to maintain
a reduced state of thiol groups of proteins, and thus—similarly to NAC—it can determine efficient
functioning of the respiratory chain and oxidative phosphorylation. Another mechanism through
which GSH can prevent the dysfunction of respiratory chain enzymes is through direct interaction
of this chain with ROS. GSH is used as a cofactor by glutathione peroxidase in the detoxification of
H2O2 and peroxynitrite [59]. Therefore, it is not surprising that with increased GSH concentration
we can observe the reduction of H2O2 and peroxynitrite concentrations in both salivary glands of
HFD + NAC rats. It was demonstrated that H2O2 reacts easily with protein thiol groups as well
as peroxynitrite with iron-sulfur cluster of mitochondrial electron transport enzymes, leading to
their inactivation [59,60]. Similarly, NAC reacts rapidly with highly reactive oxygen and nitrogen
radicals [61]; however, it is considered to be a weak antioxidant [62]. Moreover, the intracellular
concentration of NAC, compared to the levels of GSH, ascorbate, and antioxidant enzymes, is too low
for NAC to directly affect the antioxidant capacity [63].

It is noteworthy that there were no changes in GSH concentrations in the salivary glands of
C +NAC rats, which is consistent with the previous observations [15,64]. It has been demonstrated
that thiol supplementation, particularly when GSH content is undisturbed, results in an increased
cysteine concentration without a concomitant rise in GSH level [64].

Treatment of rats with NAC resulted in a significant decrease in the ADP/ATP ratio compared to
non-treated HFD rats, which was most probably connected with the maintenance of a reduced state of
the said sulfhydryl groups of mitochondrial enzymes. It was shown that sulfhydryl groups of these
enzymes are essential in the process of oxidative phosphorylation and in energetic metabolism [65].
It should be highlighted that a decreased ADP/ATP ratio can undoubtedly be influenced by the maintained
(by NAC supplementation) activity of CS—an enzyme associated with tricarboxylic acid cycle, the efficient
functioning of which is enabled by 12 ATP molecules.

Although continual energy production is one of the most important tasks of the mitochondria,
these organelles are also involved in the initiation and execution of processes leading to cell
death. It has been proven that the reduced activity of ETC (electron transport chain) complexes
increases mitochondrial H2O2 production [66,67]. The observed increase in H2O2 concentration in
the mitochondria of both salivary glands of HFD rats may also be caused by increased NADPH
oxidase activity, particularly since mitochondria mainly contain the isoform NOX4 that predominantly
produces H2O2 [68,69]. It should be noted that the increase in NOX activity may result from high
concentrations of glucose [70] and free fatty acids [71], all of which were increased in the serum
of HFD rats in our study. A certain amount of ROS is also provided by XO which catalyzes one-
or two-electron molecular oxygen reduction with the formation of superoxides and H2O2 [60].
Excessive ROS production helped in inducing inflammation to a large extent. ROS may be implicated
in the activation/intensification of numerous signaling pathways such as NF-κB, and cytokine release.
Inflammatory cytokines promote cell damage, apoptosis, and consequently, organ damage, which we
observed in the mitochondria of salivary glands of rats exposed to a high-fat diet. The observed
anti-inflammatory effect of NAC was associated with the decreased activity of NOX and XO as well
as lowered IL-2 concentration in both salivary glands of HFD +NAC rats. Further studies are required
to explain whether the observed anti-inflammatory effect of NAC supplementation is associated with
NAC-induced inhibition of proteasome activity followed by the downregulation of NF-κB activity,
or whether this effect could be secondary to the systemic influence of NAC (preventing insulin
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resistance). The NAC-dependent regulation of mitochondrial ROS production and inflammation
appears to be of key importance in reducing the rate of apoptosis in both salivary glands of rats
fed a high-fat diet. In our experiment, NAC supplementation resulted in the decreased activity of
caspase 3 in both salivary glands, with a simultaneous positive relationship between IL-2 concentration
and caspase activity in submandibular glands, and NOX activity and caspase activity in the parotid
glands of HFD + NAC rats.

We showed that HFD upregulated NO and peroxynitrite concentrations, as well as enhanced
tyrosine nitration of mitochondrial proteins in the salivary glands of rats, which was previously
described for the mitochondria of submandibular glands of HFD mice [30]. In the presence of NAC,
NO production, and consequently, nitrosative stress were significantly reduced. It should be underlined
that by decreasing NO levels in the salivary gland mitochondria, NAC may improve microvascular
delivery of oxygen and salivary gland oxygenation and thus prevent changes in saliva secretion. It was
demonstrated that hyperbaric oxygen treatment of previously irradiated head and neck cancer patients
boosted non-stimulated and stimulated salivary flow rate to a level >0.2 mL/min and >0.7 mL/min,
respectively [72].

One of the limitations of our experiment is the lack of histological examination. Thus, we can not
show whether the diet in itself and/or NAC administration influence the total mitochondrial content or
cause morphological changes in the salivary glands.

5. Conclusions

Dietary administration of NAC contributes to the preservation of mitochondrial enzymes in
the salivary glands of HFD rats. NAC supplementation enhances energy metabolism in salivary glands
of HFD rats by affecting respiratory chain enzymes and citrate synthase. Treatment with NAC prevents
inflammation, apoptosis, and nitrosative stress in the salivary glands of HFD rats.
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Abstract: The prevention or alleviation of neurodegenerative diseases, including Alzheimer’s disease
(AD), is a challenge for contemporary health services. The aim of this study was to review the literature
on the prevention or alleviation of AD by introducing an appropriate carnitine-rich diet, dietary
carnitine supplements and the MIND (Mediterranean-DASH Intervention for Neurodegenerative
Delay) diet, which contains elements of the Mediterranean diet and the Dietary Approaches to Stop
Hypertension (DASH) diet. L-carnitine (LC) plays a crucial role in the energetic metabolism of
the cell. A properly balanced diet contains a substantial amount of LC as well as essential amino
acids and microelements taking part in endogenous carnitine synthesis. In healthy people, carnitine
biosynthesis is sufficient to prevent the symptoms of carnitine deficiency. In persons with dysfunction
of mitochondria, e.g., with AD connected with extensive degeneration of the brain structures, there are
often serious disturbances in the functioning of the whole organism. The Mediterranean diet is
characterized by a high consumption of fruits and vegetables, cereals, nuts, olive oil, and seeds as the
major source of fats, moderate consumption of fish and poultry, low to moderate consumption of
dairy products and alcohol, and low intake of red and processed meat. The introduction of foodstuffs
rich in carnitine and the MIND diet or carnitine supplementation of the AD patients may improve
their functioning in everyday life.

Keywords: Alzheimer’s disease; L-carnitine; carnitine supplementation; Mediterranean diet;
MIND diet

1. Introduction

Recent progress in the medical sciences have significantly prolonged human life and the incidence
of old age diseases. Old age diseases are a rapidly growing cause of disability and/or death [1].
There was proof that some diet supplements may have a positive therapeutic effect on patients with
neurodegenerative diseases, particularly in AD [2]. Recently, the attention of physicians as well as
their patients is increasingly directed to dietary supplements, which have become a more and more
attractive option in neurodegenerative disease treatment [3].

Neurodegenerative diseases, including AD, are characterized by a loss of neurons and synapses
of the brain cortex and some subcortical regions, resulting in the atrophy and degeneration of the
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involved regions in the temporal and parietal lobes as well as parts of the frontal lobe and part of
the callosal gyrus [4,5]. The extracellular deposition of amyloid-β, the intracellular deposition of
protein tau (τ) and microglia activation are causes of AD’s pathological symptoms [6]. Recently,
it has been reported that an essential role in the pathogenesis of AD may be also played by other
proteins such as α-synuclein and the protein TDP-43 [7]. It has been confirmed that there are genetic
predispositions to the onset of AD. People with the defective e4 variant of the apolipoprotein E
gene, which is involved in amyloid-β degradation, may already have symptoms of AD in the early
period of life [8,9]. The accumulation of β-amyloid plates in neurons decreases the efficiency of
electron transport in the respiratory chain, leading to a decrease in ATP production, the induction of
oxidative stress and the disturbance of Ca++ homeostasis. On the other hand, the accumulation of the
protein τ inside neurons blocks the intracellular transport of proteins, nutrients and neurotrophins.
The primary symptoms of AD present as disturbances of recent memory, the concentration of attention
and orientation. The leading symptoms of AD are aphasia (speech disturbance), apraxia (inability of
movement despite non-handicapped motoric functions), agnosia (lack of sensory ability to recognize
objects despite correct sensory function), and disturbances in sleep and wakefulness. The deepening
symptoms in AD patients, connected with disturbances in simple and complex everyday life activities,
make independent existence impossible. Ophthalmic symptoms—e.g., the impairment of chromatic
vision, scotoma, the reduction of contrast sensitivity, disturbances in the mobility of the eyeballs,
and retina degeneration—also occur in AD. The deposition of β-amyloid concrements in the eyes of
AD patients were demonstrated through eye ground imaging [10].

Acetylcholine (Ach) plays a crucial role in the cognitive functions of the brain [5]. A decrease
in the activity of the mechanisms responsible for the biosynthesis and degradation of Ach, such as
choline acetyltransferase, acetylcholine esterase, transport system with high affinity to choline (HACU)
and follicular acetylcholine transporter (VAChT), was found in patients with AD [5]. The impairment
of the transmission of nervous signals caused by a decrease in the density of muscarinic and nicotinic
receptors, a decrease in the intraneural concentration of Ach and Ach accumulation in synaptic vesicles
was demonstrated in AD [7,11,12]. Numerous articles document disturbances in the biosynthesis and
metabolism of carnitine in AD patients [13–15]. Low concentrations of free carnitine, acetyl-L-carnitine
(ALC) and other acylcarnitines were found in plasma and tissues in many studies on AD [13,16].
A progressive decrease in ALC and other acyl-carnitine serum levels in healthy subjects (HS) through
to subjective memory complaints (SMC) and mild cognitive impairment (MCI) up to Alzheimer’s
disease (AD) were reported. ALC significantly decreased on average by 21% in SMC, 27% in MCI and
36% in AD as compared to in HS [16]. The deficit of ALC suggests a perturbed transport of fatty acids
into the mitochondria for beta-oxidation, as well as suppressed energy metabolism. The results of
transcriptomic studies showing a significant decrease in the activity of the carnitine shuttle in AD
patients are consistent with the above-described hypothesis. The deficit of the carnitine shuttle might
contribute to the mitochondrial dysfunctions supposed to be responsible for many neurodegenerative
diseases including AD. The decreased serum levels of some acyl-carnitines found in MCI subjects might
indirectly signal an impending progression of dementia and might be used as biomarkers of phenotype
conversion from MCI to AD [16]. The results described above suggest that serum ALC and other
acyl-L-carnitine levels decrease along a continuum from HS to SMC and MCI subjects, up to patients
with AD [13,14,16]. It was demonstrated that ALC facilitates cholinergic neurotransmission directly or
by providing an acetyl group that may be used for acetylcholine synthesis [17,18]. It was reported that
ALC, by the stimulation of the synthesis of nerve growth factor receptors in the hippocampus and basal
forebrain, prevents the loss of muscarinic receptors as well as nerve growth factor (NGF) and directly
or indirectly modulates N-methyl-D-aspartate receptor (NMDA). The excessive stimulation of NMDA
receptors by glutamic acid may induce the uncontrolled influx of Ca++ into cells, causing damage
to and the death of neurons [19]. In addition, it was proven that carnitine significantly increases
dopamine levels in the cortex, hippocampus and striatum of the rat brain [20]. In animal experiments,
it was found that ALC supplementation prevents the hyperphosphorylation of the protein τ induced
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by homocysteine (a new marker of AD) and inhibits the phosphorylation of β-amyloid [21]. It has
been shown that ALC and L-carnitine reduce apoptosis through the mitochondrial pathway [18].
Suchy et al. [22] reported that carnitine supplementation reduces damage to the murine brain caused
by free radicals and improves cognitive performance. A beneficial effect of ALC on cognition and
behavior in aging and AD subjects was reported [23]. The possible mechanisms of ALC action in
AD may also involve facilitating the rebuilding of cell membranes, as well as improving synaptic
function, enhancing cholinergic activity, restoring the brain energy supply, protecting against toxins,
and exerting neurotrophic effects via stimulating NGF and the acetylation of proteins [24].

The introduction of an appropriate balanced diet, besides carnitine supplementation (especially
ALC), is an important factor that can delay or prevent the onset of AD. Many studies have suggested
that the diet MIND (Mediterranean-DASH Intervention for Neurodegenerative Delay)—composed of
the DASH (Dietary Approaches to Stop Hypertension) diet and the Mediterranean diet, considered one
of the healthiest diets on the earth—appears to be the most effective in preventing neurodegeneration,
especially Alzheimer’s disease. [25]. Adherence to the Mediterranean diet may not only reduce the risk
of AD but also diminish pre-dementia syndromes and their progression to overt dementia. Based on the
current evidence, there are no definitive dietary recommendations for the prevention of AD. However,
the following dietary advice for lowering the risk of AD and inhibiting cognitive decline, as well as
decreasing all-cause mortality in AD patients, is suggested: a high level of consumption of fats from
fish, vegetable oils, non-starchy vegetables, and low glycemic index fruit; a diet low in foods with
added sugars; and a moderate wine or beer intake should be encouraged [26].

2. AD Epidemiology

Contemporary society aging is connected with the occurrence of neurodegenerative disorders
leading to dementia, creating serious problems in complex medical and social care. It was estimated
that in 2006, 7.3 million (mln) Europeans (12.5 per 1000 residents) in 27 member states, between 30
and 99 years of age, suffered from different kinds of dementia. Among Europeans, dementia affected
women (4.9 mln) more frequently, than men (2.4 mln). Together with an increase in the average
life span, especially in developed countries, the frequency of dementia has dramatically increased.
The number of people with dementia worldwide is expected to double every 20 years, reaching almost
75 million by 2030 [27]. Most recent regional estimates of the age-standardized prevalence of dementia
in people aged 60 and over fall between 5.6 and 7.6%. Although dementia was traditionally viewed as
more prevalent in developed countries, these estimates range from 4.6% in Central Europe to 8.7% in
North Africa and the Middle East [28]. Currently, there are over 70 million people in the world’s oldest
group, over 80 years. It is estimated that by 2050, the population over 80 will increase several times.
According to data from the World Health Organization (WHO), in 2030, there will be 65 million; in 2040,
there will be 80 million; and in 2050, there will be 115 million dementia patients [29,30]. The seven
places with the largest numbers of people with dementia in 2001 were as follows: China (5.0 mln),
the European Union (5.0 mln), the USA (2.9 mln), India (1.5 mln), Japan (1.1 mln), Russia (1.1 mln)
and Indonesia (1.0 mln) [30]. Currently, in the developed countries, the population of people over
65 constitutes 14% (about 170 mln), while in the developing countries, it is about 5% (about 248 mln).
According to the expected demographic changes, it is estimated that in 2030, people over 65 will
constitute 23% (275 mln) in developed countries and 10% (680 mln people) in developing countries.
It is estimated that AD may affect about 6% of the people of the world over 65 and 40% of people over
85 [31]. It is estimated that by 2050, there will be in the world two billion people aged 60 years or over,
of which 131 million will be affected by dementia, but depression will be the second cause of disability
worldwide by 2020. Preventing or delaying the onset of dementia and depression should therefore be
a world public health priority [29,30,32]. Today, in the world, almost 44 million people suffer from AD,
and each year, 4.5 million new cases of dementia are diagnosed. In the world, the risk of dementia
doubles every 5 years, with AD responsible for 2/3 of all cases of dementia. In the USA, AD is placed
in third position after neoplasms and cardiovascular diseases concerning social security costs [31].
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For Poland’s demographics, prognoses as Poland’s population gets old are also not optimistic,
and it has been estimated that in the next 25 years, the average age of men will increase by 7.2 years
and that of women, by 4.5 years. It should be mentioned that in 2010, the expected length of life in
Poland averaged 75.9 years (men, 71.9 years; women, 80.1 years). According to the official Polish data
from 1999, population studies were conducted in two centers, among the population of the Warsaw
district of Mokotów and in Świebodzin (rural and small town communities). The epidemiological
data from Świebodzin revealed that the prevalence of AD in the population over 65 was 3.5% and that
of vascular dementia, 3.6%. In the second study (Mokotów, Warsaw district, Poland), dementia was
found in the population from 65 to 84 years of age to be at the level of 5.7% (including AD at 2.3% and
vascular dementia at 2.7%) [33]. Population data published in 2007 by Bdzan et al. [34] regarding the
studied rural populations (Pruszcz Gdański, Trąbki Wielkie and Pszczółki, Poland) showed that the
prevalence of dementia was estimated at 6.7%. The prevalence of dementia in total rural populations
was 3.0% for men and 8.8% for women. The prevalence of Alzheimer’s disease was 1.1% for men
and 4.0% for women, and that of vascular dementia, 1.9% and 3.5%, respectively. Bdzan et al.’s [34]
study presents data showing that rural populations had a higher incidence of dementia disorders
than that previously reported in other Polish regions and that women had a higher dementia risk
than men. It should be stressed that in 2005–2010, the annual increase in the number of dementia
patients remained levels not exceeding 2%, but in 2010–2015, the annual increase in the number of
dementia patients reached 3–4%. The Polish National Statistics Agency predicts an increase in the
number of people reaching retirement age to 23.8% of the Polish population (4.8 million) by 2030 [35].
According to the Polish National Statistics Agency report of 2016, presently in Poland, people above
65 constitute 14.7% of the population, and increases to 24.5% by 2035 and to above 30% by 2050 are
predicted. In Poland, AD presently affects more than 300,000 people, mostly elderly people, and it is
estimated that the number of AD subjects will triple by 2050, reaching almost a million [36].

The above figures show the importance of the problem facing health services not only in Poland
but also over the whole world [37]. It should be taken into consideration that the further aging of
the Polish population will increase the numbers of people that take advantage of medical and social
care, are disabled and suffer from non-infectious chronic diseases. In the existing situation, the Polish
system of health care—similarly to the systems in other countries—must take up the challenge of
creating an efficient system of care for people suffering from dementia.

3. Prevention of Alzheimer’s Disease—Mediterranean and MIND Diets

In contemporary medicine, the prevention of neurodegenerative diseases is one of the main
objectives for many branches of health services. The appropriate types and quality of food may be
important factors for preventing and supporting the treatment of AD. The early prevention of AD
starts by reducing risk factors: reducing the smoking of cigarettes, preventing hypertension, insuring
optimal concentrations of homocysteine, preventing type 2 diabetes, combating insulin resistance and
obesity, limiting stress, avoiding toxins, and mental and physical training are important components of
AD prevention. Appropriate nutrition is an essential and modifiable factor that plays a key role in
preventing and/or delaying the onset of dementia, including AD. It was reported that a reduction in
amount of fried meat and an increase in the amounts of other foods (such as fish, cheese, vegetables
and vegetable oil) in the diet significantly reduced the incidence of AD [38]. Diets rich in advanced
glycation end products (AGEs), which arise during long-lasting food thermal processing (heating,
frying and irradiation), significantly accelerate the development of AD [39]. High concentrations
of AGEs are contained in (a) products containing sugar (candy, cookies, chocolate biscuits, cakes,
fizzy drinks, pastries and sauces); (b) processed meats such as sausages and conserved and preserved
meat; (c) processed dairy products; (d) food containing trans fats such as margarine and cream;
and (e) highly fried products such as fried potatoes, crisped cakes etc. The lowest amounts of AGEs
are found in fresh fruits, vegetables, seafood, products with short thermal processing, and raw and
non-processed food. A correctly composed diet rich in polyunsaturated (from the families of omega-3
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and omega-6) and monounsaturated fatty acids as well as antioxidative vitamins (E, C and β-carotene)
reduces the risk of AD development. It was reported that a decrease in the impairment of cognitive
function and dementia risk were connected with a decrease in the consumption of milk and dairy
products. The consumption of full-fat dairy products may be connected with worsening cognitive
function in older people. It was reported that moderate alcohol consumption may be connected with a
decrease in the risk of dementia due to AD [40,41]; however, recently, the Lancet published a statement
concerning alcohol, that there is “no safe limit, even one drink a day, increases risk of chronic non
infectious diseases” [42].

A large study demonstrated the association of consuming a Mediterranean diet with a decrease in
the incidence of AD, which creates hope for using the Mediterranean diet as a modifiable risk factor
in protection against AD [43,44]. A Mediterranean diet rich in vegetables with low starch contents,
fruit with low glycemic indices, cereal products, legumes, plant oils (olive, colza, linen and sunflower)
and fish (especially sea fish: halibut, herring, mackerel and sardines) and a diet containing moderate
amounts of meat and dairy products positively affect health conditions and may decrease the risk of
the development of many diseases including neurodegenerative diseases [25,45].

It was reported that people adhering to a Mediterranean diet have a 28% decreased risk of
cognitive disturbances and 48% decreased risk of AD in comparison to people who do not consume
a Mediterranean diet [46]. It seems that a complex nutritional strategy initiated in the early stages
of cognitive impairment is the most pragmatic approach for controlling the progress of AD [47].
Presently, for the elderly and people at risk of AD, nutrition based on the MIND (Mediterranean-DASH
Intervention for Neurodegenerative Delay) diet—composed of DASH (Dietary Approaches to Stop
Hypertension) diet and the Mediterranean diet (MD), considered as the healthiest diet on earth,
constituting a careful nutritional program—is recommended [48]. In our opinion, the MIND diet
should be a very important element of many disease prevention strategies, including those for dementia
and AD (Table 1).

Mediterranean and Asian diets are currently considered the healthiest. Good eating habits are
effective in combating the risk of age-related diseases, especially cardiovascular and neurodegenerative
diseases. Foods and drinks of plant origin such as green tea, extra-virgin olive oil, red wine, spices,
berries and aromatic herbs have beneficial effects in the prevention of amyloid diseases, e.g., Alzheimer’s
disease, Parkinson’s disease and prion diseases. Mediterranean and Asian diets are becoming more and
more attractive for the prevention and treatment of neurodegenerative diseases, as it has been proven
that they can inhibit the production of amyloidogenic peptides, increase the activity of antioxidant
enzymes, activate autophagy and reduce inflammation [49] (Table 1). Currently, some foods or food
groups traditionally considered harmful such as eggs and red meat have been partially rehabilitated,
but there is still a negative correlation of cognitive functions with saturated fatty acids. Protective
effects against cognitive decline of elevated fish consumption and a high intake of monounsaturated
fatty acids and polyunsaturated fatty acids (PUFA), particularly n-3 PUFA, was confirmed [40]. Cheese
and yoghurt should be moderately consumed, while meat should be rarely consumed. Wine or beer
(mostly non-alcoholic beer) during main meals are also one of the components of the Mediterranean
diet. Beer consumption, and its content of bioavailable silicon, reduces the accumulation of aluminum
in the body and brain tissue and lipid peroxidation, and protects the brain against neurotoxic effects by
regulating antioxidant enzymes [26].
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4. Physiological Properties of L-Carnitine

L-carnitine (2-hydroxy-4-trimethylammonium butyrate) (LC) plays many important roles in the
intracellular functions of the body. The most important role is played by obtaining cellular energy
from fatty acids (FAs) in the mitochondrial matrix and maintaining mitochondria coenzyme A (CoA)
homeostasis during mitochondrial FA oxidation [50]. Maintaining the mitochondrial homeostasis of
CoA is an extremely important function of carnitine in supporting optimal cellular CoA and acyl-CoA
concentrations. CoA is necessary for the activation and oxidation of the FAs from adipose tissue in
the mitochondria for ATP synthesis. FA oxidation reduces glucose oxidation in the tissues where
glucose is not an essential fuel, and amino acid catabolism for gluconeogenesis and energy production.
FAs are a very efficient source of human energy, as the yield of energy from the total oxidation of
FAs is 37.7 kJ/g as compared to 16.7 kJ/g from protein or carbohydrates. Another role of carnitine in
human metabolism is participation in the processes of the detoxication of toxic exogenous compounds
(e.g., some xenobiotics, including ampicillin, valproic acid and salicylic acid), which are excreted by the
kidneys in combination with carnitine [51]. The next important role of carnitine is its contribution to the
catabolism of branched-chain ketoacids derived from branched-chain amino acids (valine, leucine and
isoleucine). L-carnitine also inhibits free radical production and demonstrates antioxidant action [51].

The richest source of L-carnitine is red meat consumed by adults, and milk consumed by infants
and children [52], whereas plants contain only trace of carnitine [53] (Table 2). The standard human
diet covers about 3/4 of the requirements for L-carnitine, and the remaining 1/4 is synthesized in the
human body from lysine and methionine with the participation of ascorbic acid, niacin, piridoxin and
Fe2+ [54] in the liver, kidneys, brain [50] and placenta [55]. Nutritional carnitine is actively (sodium
dependent) and passively transported from the intestinal contents into enterocytes, with 54–86%
bioavailability, depending on the amount of carnitine in a meal. The bioavailability of carnitine
from dietary supplements (0.5–6.0 g) is much lower than that from the diet and reaches only 14–18%.
It should be mentioned that organisms maintain carnitine homeostasis, and along with an increase
in carnitine consumption, there is decrease in carnitine absorption [56]. Consumed but not absorbed
carnitine is degraded, mainly by intestinal microorganisms to trimethylamine (TMA), which can reach
the liver, where it is transformed into the toxic trimethylamine N-oxide (TMNO), excreted in the urine.
To date, TMA and TMNO have mostly been treated as nontoxic substances, but more recently, they have
been treated as potentially carcinogenic agents, because of the possibility of their transformation into
N-nitrosodimethylamine (NDMA) [57]. However, no evidence of clinical implications of TMAO in
the central nervous system has been documented as yet, but TMAO is present at detectable levels
in the cerebro-spinal fluid (CSF). In a small tested groups of subjects, TMAO levels in the CSF were
apparently unrelated to the diagnosis of neurological disorders such as AD [58].

In the human intestine, carnitine is acetylated to biologically active acetyl-L-carnitine
(γ-trimethyl-β-acetylbutyre-betaine) (ALC). Since ALC is transferred through intestinal serous
membranes better than non-acetylated L-carnitine, the intracellular acetylation of carnitine may
facilitate its diffusion across the serosal membrane [56]. LC and its short chain fatty esters do not
combine with plasma proteins, though blood cells contain LC, but the speed of the transport of LC
between erythrocytes and the plasma is very slow [59]. In the circulation, about 75% of LC occurs in a
free state, 15% occurs as ALC, and the remaining 10% occurs as esters of carnitine with other acids
(e.g., propionyl-L-carnitine) [60]. In human tissues, carnitine is localized mainly in skeletal and cardiac
muscles (98%), whereas in the liver, kidneys and brain resides only about 1.5% [52,61]. In the adult
brain, about 80% of carnitine exists as free carnitine (FC); 10–15%, as ALC; and less than 10%, as long
chain acylcarnitines [62]. The plasma of healthy people on a normal diet contains only small amounts
of LC (about 0.5–1% of total body L-carnitine) [63], amounting to about 40–60 μM in plasma [59].
There are at least three pharmacokinetic compartments for LC. The first consists of extracellular
fluid (including plasma), constituting the central compartment, reflecting the initial carnitine content;
the second compartment is relatively small, with fast turnover, involving the liver, kidneys and other
organs; the third and the greatest compartment involves the skeletal and heart muscles. The turnover
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times (or average times for which carnitine resides in compartments) amount to about 1, 12 and 191 h
for compartments one, two and three, respectively, and the total carnitine turnover time for the whole
human organism amounts to about 66 days. The velocity constant for the transport of carnitine from
muscle to plasma is about 0.0005 h−1, which means that the half-time for carnitine transportation from
muscle to plasma is about 5–6 days. Muscle carnitine content is rather stable, because the transport
of carnitine to and from muscle cells is a very slow process, lasting weeks and even months [59].
Since the taking of carnitine from the muscles is a long process in carnitine deficiency, it is advisable
to apply carnitine supplementation to quickly restore appropriate concentrations of carnitine in the
first (extracellular fluids) and second compartments (internal organs excluding muscles) with short
turnover times. It was reported that in humans, after the per os administration of carnitine at doses
of 30–100 mg/kg, carnitine’s peak plasma concentrations were 27–91 μM after 3 h, and the carnitine
concentrations returned to basal levels by 24 h. After the intravenous injection of single doses (0.5 g) of
LC, the plasma concentrations of ALC and LC returned to their initial values by 12 h [58].

In the homeostasis of carnitine and its ester, the main role in the maintenance of appropriate
concentrations is played by the kidneys [64]. Carnitine is not metabolized in humans but undergoes
filtration in the glomeruli and is almost totally (98–99%) reabsorbed in the renal canaliculi. Sodium-
dependent carnitine organic cation transporter (OCTN2) plays a key role in renal carnitine reabsorption [65].
The renal threshold for free carnitine is in the range of its physiological plasma concentration.

4.1. Role of L-Carnitine and Acetyl-L-Carnitine in Human Brain Metabolism

L-carnitine is actively transported to the brain through the blood–brain barrier by the organic
cation transporter OCTN2 and accumulates in neural cells especially as acetylcarnitine. LC, besides its
important role in the metabolism of lipids, is also a potent antioxidant (free radical scavenger) and
thus protects brain tissues against oxidative damage [66]. Mitochondria, as the main source of cell
energy as well as ROS and antioxidants, play a key role in the production of ATP, regulating
apoptosis and detoxication, maintaining membrane potentials and the distributions of ions in
appropriate compartments of the cell, etc. Maintaining mitochondrial homeostasis is crucial for
the development and proper action of neurons. Dietary supplements applied for maintaining
mitochondrial homeostasis include L-carnitine; coenzyme Q10; mitoquinone mesylate; and other
mitochondrion-targeted antioxidants such as N-acetylcysteine; vitamins C, E, K1 and B; sodium
pyruvate; and lipoic acid [67].

Even though the brain’s basic energetic substrate is glucose, LC is important in brain energetic
lipid metabolism, taking part in the transport of the long chain fatty acids from the cytoplasm
to mitochondria [52] and acetyl groups from mitochondria to the cytoplasm [62]. Maintaining a
suitable relationship between cellular acetyl-CoA and CoA, L-carnitine ensures correct energetic cell
metabolism [68]. It should be mentioned that connecting acyl and acetyl groups to LC increases LC’s
hydrophobicity, which facilitates LC’s crossing of the blood–brain barrier. After the penetration of
brain mitochondria with long chain fatty acids, LC reacts with free coenzyme A (CoASH)—a reaction
catalyzed by carnitine palmitoyltransferase II (CPT II)—releasing LC [50] (Figure 1).
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Figure 1. The role of carnitine and other substances in the brain’s energy supply. Abbreviations:
GLUT, glucose transporters; OCTN2, sodium-dependent carnitine organic cation transporter; CPT I,
carnitine palmitoyltransferase I; CPT II, carnitine palmitoyltransferase II; CACT, carnitine acylcarnitine
translocase; CAT, carnitine acetyltransferase; CoASH, coenzyme A; Acetyl-CoA, acetyl coenzyme A;
TCA cycle, tricarboxylic acid cycle.

Therefore, LC improves energetic brain homeostasis by supplying acyl groups to the mitochondria
of the brain cells. ALC is an important factor expanding the brain’s sources of energy; therefore,
treatment with ALC is responsible for a reduction in brain glycolytic flow and the enhancement of the
utilization of alternative energy sources, such as fatty acids or ketone bodies [69], that may reduce brain
glucose utilization [70]. ALC can provide an acetyl moiety that can be oxidized for energy production;
used as a precursor for acetylcholine; or incorporated into glutamate, glutamine and γ-aminobutyric
acid, as well as into lipids for myelination and cell growth [71]. ALC also has many other functions in
the body. ALC’s ability to freely pass the brain–blood barrier could help brain fatty acid transport for
oxidation in mitochondria that improves brain energy metabolism. ALC supplementation positively
influences the activity of enzymes in the tricarboxylic acid cycle, the electron transport chain and
amino acid metabolism [72]. ALC acts neuroprotectively by improving the energetic function of
brain mitochondria, the elimination of oxidative products, the stabilization of the cell membranes
and neurotrophic factor production (stimulates protein and phospholipid biosynthesis), and it exerts
anti-apoptotic functions, as well as modulating the expression of genes coding proteins, and protects
neural cells from excitotoxicity [73]. Additionally, ALC provides acetyl groups for the synthesis of
acetylcholine [17] and acetylation of nuclear histones [74]. ALC counteracts stressogenic agents by
maintaining proper plasma concentrations ofβ-endorphin and cortisol [75]. ALC stimulatesα-secretase
activity and physiological amyloid precursor protein (APP) metabolism. In particular, ALC favors
the delivery of disintegrin and metalloproteinase domain-containing protein 10 (ADAM10), the most
accredited α-secretase, to the post-synaptic compartment and, consequently, positively modulates
ADAM10’s enzymatic activity toward APP [76]. Palmitoylcarnitine (ester of carnitine with palmitic
acid) can stimulate the expression of GAP-43 (also named B-50, neuromodulin, F1, pp45), a protein
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involved in neural development, neuroplasticity and neurotransmission [77]. ALC increases the
concentration of the brain-derived neurotrophic factor (BDNF), that is lowered in AD patients [78,79].
ALC increases astrocytes’ glutathione concentrations (an important cellular antioxidant), which are
lowered with age [80]. ALC is recommended for delaying the onset and development of Alzheimer’s
and Parkinson’s diseases, and alleviating the symptoms of senile depression and memory disturbances
connected with age; it also improves studying and memory [23,81,82]. It was confirmed that the
multidirectional positive role of ALC in the dopaminergic system [20] depended on the slowing
down of the progressive deterioration of dopaminergic receptors with a simultaneous increase in
the concentrations of dopamine (a neurotransmitter responsible for mood, processes of thinking,
the coordination of movement and resistance to stress) in neurons [83]. It was reported that the LC
supplementation of experimental animals significantly increased their levels of neurotransmitters such
as noradrenaline, adrenaline and serotonin, especially in brain regions rich in cholinergic neurons, i.e.,
the brain cortex, hippocampus and striatum [20,84]. ALC improves dopamine metabolism, prevents
degenerative changes in dopamine-producing neurons and reduces the age-dependent process of the
destruction of receptors that bind dopamine [85]. Cristofano et al. [16] showed a progressive decrease
in ALC and other acyl-carnitines’ serum levels in people changing from normal to AD and concluded
that the decreased serum concentrations of ALC and hence its disturbed functions may predispose to
AD and contribute to neurodegeneration. Clinical studies in humans demonstrated positive effects of
ALC on brain function, cognition and memory that led to the suggestion that ALC may slow or reverse
mild cognitive impairment and the progression of dementia in Alzheimer’s disease [58].

ALC supplementation is recommended for improving brain and nervous system action, memory,
the speed of learning and memorization, the level of brain energy, psychological conditions and mood,
and the effects of therapies for brain neurodegenerative disorders and peripheral neuropathies [66,81].

4.2. Recommendations for L-Carnitine Content in the Diet

LC is an essential nutritional component delivered in food produced from animals, because LC
endogenic synthesis is insufficient to cover metabolic needs. Primary carnitine deficiency is rare,
but secondary carnitine deficiency is more frequent, being associated with several inborn errors of
metabolism and acquired medical or iatrogenic conditions, for example, in patients under valproate
and zidovudine treatment. Other chronic conditions such as diabetes mellitus, heart failure and
Alzheimer’s disease in connection with diseases creating increased catabolism may cause secondary
carnitine deficiency [86].

Presently, there are no published recommended carnitine reference values. In the majority of
cases, the estimated average daily carnitine requirements for an adult person amount to 20–200 mg,
which is covered by diet and endogenous synthesis. Meat, fish and dairy products provide at least
80% of the required LC [87]. Based on rational dietary rules supporting good health, it is important
to introduce carnitine-rich food [61,88] (Table 2), including carnitine supplementation. However,
it should be taken into consideration that the bioavailability of LC from food is about four times
higher than that from dietary supplements. Additionally, it should be taken into consideration that a
high-fat, low-carbohydrate diet might be capable of boosting the endogenous synthesis of carnitine
and its metabolites [89].
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Table 2. The amount of L-carnitine in product groups [61,88] modified.

Type of Food Total L-Carnitine Content

Ruminant meat (mg/100 g)
kangaroo meat 637

horseflesh 423
beef 98.2–139

beef steak 232
beef kidneys 31.0

beef liver 15.6
lamb 106–113

goat meat 95.0–99.0
pork 20.0–30.0

pork liver 10.7

Poultry, bird meat (mg/100 g)
duck 73.0

pigeon 52.8
turkey 51.0
chicken 34.0

quail 29.1
pheasant 13.5

Fish (mg/100 g)
salmon 5.96

zebrafish 2.80–8.95
yellow catfish 5.93

Milk (mg/100 mL)
sheep 10.2–12.7
goat 4.50–7.50
cow 7.80–9.60

Milk products (mg/100 g)
yoghurt 40.0

buttermilk 38.0
cottage cheese 22.5–26.6

sour cream 19.7
coffee cream 16.6

cheese 14.0–28.0

Mushrooms (mg/100 g)
Pleureotus

ostreatus—oyster
mushrooms

53.0

champignon 29.8
Cantharellus

cibarius—chanterelle 13.3

other mushrooms 1.00–6.00

Vegetables (mg/100 g)
cucumber 4.45

cauliflower 3.26
carrot 3.73
maize 0.68
peas 0.60

Fruits (mg/100 g)
avocado 1.72
guava 0.82

bananas 0.39
apples 0.29
orange 0.22
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4.3. Supplementation with L-Carnitine and Its Derivatives

In the prevention and treatment of patients with Alzheimer’s disease, supplementation with
carnitine is essential for complementing intracellular and extracellular carnitine resources. In addition,
LC supplementation is intended to facilitate the elimination of toxic metabolites that may interfere
with mitochondrial homeostasis, thereby interfering with the production of cellular energy, further
leading to increased ROS production in many neurodegenerative diseases.

LC in the form of powder, fluid, tablets or capsules has been approved by the American Food
and Drug Administration (FDA) for the treatment of primary and secondary carnitine deficiency.
Experimental data obtained in in vitro and in vivo research did not demonstrate toxicity of LC. No side
effects (including allergic reactions) were observed after the oral administration of LC in humans.
However, some people using LC showed symptoms of alimentary tract intolerance (periodical nausea,
diarrhea and tummy ache). People using large doses of LC may emit a fish body odor caused by the
trimethylamine produced in the gut from LC by intestinal bacteria [56]. There were no published cases
of LC intoxication. For the LC supplementation of the healthy adults, there were administered 250 mg
to 2.0 g (highest safe dose) of LC daily, in several doses [90]. Daily LC doses greater than 2.0 g appeared
to offer no advantage, since the gut mucosal absorption of carnitine appears to be saturated at about
a 2.0 g daily dose [91]. A meta-analysis of 21 double-blind, randomized, placebo-controlled studies
lasting from three months to one year showed that ALC either improved cognitive deficits or delayed
the progression of cognitive decline. Improved cognitive function and delayed progression of cognitive
decline were both statistically and clinically significant, with the magnitude of the effects increasing over
time. Most studies used daily doses of LC of 1.5–2.0 g, which were well tolerated [92]. The treatment of
ALC with doses of 2.25–3.0 g/day in patients with mild (initial) dementia caused by AD and vascular
dementia (VD) led to a significant clinical improvement in patients with AD compared to in VD
patients and placebo-treated patients [93]. In another study, 11 patients suffering from senile dementia
of the Alzheimer’s type were treated intravenously with ALC at 30 mg/kg for 10 days, and 1.5 g/day
per os for 50 days, in three daily doses. It was concluded that the intravenous and oral administration
of multiple doses of ALC increases ALC plasma and CSF concentrations in patients suffering from AD,
which suggests that ALC easily crosses the blood–brain barrier [94]. The bioavailability of LC in food
supplements depends on the applied doses [59,89]. As a general guideline, the average therapeutic
ALC dose is 1.0 g, given two to three times daily for a total of 2.0–3.0 g. No advantage appears to
exist in giving an oral dose greater than 2.0 g of ALC at one time, since absorption studies indicate
the saturation of GI receptors (receptors coupled with proteins G) at this dose [89]. The reported
side effects of LC (especially at high doses) include agitation, headaches, diarrhea, nausea, vomiting,
anorexia and abdominal discomfort, mostly of mild or moderate severity [95].

4.4. Choosing Proper Form of Carnitine Supplements

LC and its derivatives have been proposed as drugs or as adjuncts to conventional medicine
for many conditions, including stable angina, intermittent claudication, diabetic neuropathy, kidney
disease and dialysis, hyperthyroidism, male infertility, erectile dysfunction, chronic fatigue syndrome,
AD and memory impairment [95]. Many specimens containing LC differing only in form (powder,
liquid, tablets or capsules) are available on the market. Free or in combination with organic acids, e.g.,
citric, fumaric or orotic acids, LC given as a dietary supplement is perfectly bioavailable. A combination
of LC and arginine facilitates the release of ammonia as an end product of protein and amino acid
metabolism. It was reported that for epileptics, exceptionally beneficial is a combination of LC with
taurine because taurine acts as a modulator of membrane excitability in the central nervous system
by inhibiting the release of other neurotransmitters and decreasing the mitochondrial release of
calcium [96]. When administering organic salts of LC, it should be taken into consideration that
a given free carnitine content corresponds to a higher weight of drug [59,89]. However, healthy
people should avoid the oral intake of LC at amounts higher than 1.0–2.0 g/day in 3–4 doses [97].
The bioavailability of LC from foods is 54–87% of the LC content and is dependent on the amount of
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LC in the meal. The absorption of LC from dietary supplements (0.5–6.0 g/day) is primarily passive,
and the bioavailability is 14–18% of LC in the dose. LC that is unabsorbed in the gastrointestinal tract
is mostly degraded by microorganisms in the large intestine [58].

4.4.1. Pure L-Carnitine (LC)

A prevalent and the most economical form of L-carnitine supplementation is orally administered
LC powder or solution. LC powder or solution is recommended for people taking care of their
appearance and pursuing a reduction in or maintaining the proper level of their body weight. LC is also
recommended for supporting the circulatory system by reducing the risk of ischemic heart disease and
other circulatory disorders [98]. LC, as an organic osmoprotectant, has been proven to have protective
roles against the production of proinflammatory mediators and apoptosis in primary human corneal
epithelial cells exposed to hyperosmotic media, as well as in dry-eye patients [99,100]. It was reported
that LC supplementation improved the depression state in patients undergoing hemodialysis [101].
A deficiency of carnitines in terminally ill HIV/AIDS patients requires supplementation. Significant
reductions in serum lactate after LC supplementation may have clinical significance in patients
taking certain antiretroviral drugs [102]. L-carnitine plays an important role in energy metabolism.
Skeletal muscles store about 95% of the total of 20 g carnitine contained in the adult human body,
but high-intensity physical exercise decreases the muscle’s carnitine content. It has been proven
that L-carnitine supplementation may enhance athletic performance when coupled with physical
exercise itself [103].

4.4.2. Acetyl L-Carnitine (ALC)

L-carnitine acetylation increases L-carnitine’s hydrophobicity, which permits ALC’s crossing
of the blood–brain barrier. ALC shows neuroprotective action on nervous cells, supports energetic
metabolism and the regeneration of nerve cell structures, and alleviates mitochondrial dysfunction and
apoptosis [104], improving memory and creativity. Several studies have suggested a beneficial effect of
ALC on cognition and behavior in aging and AD subjects [23]. In AD patients, ALC improves clinical
and cognitive functions in the short and medium term (3 and 6 months) in varied doses (1.5–3.0 g/day).
Additionally, with 12 month treatment at a dose of 2.0 g/day, ALC slows down the deterioration of
cognitive function in AD patients [19]. Other experimental data confirm the effectiveness of ALC
supplementation in protecting against brain damage, e.g., the application of 100 mg/kg body weight of
ALC reduced the volume of brain injury and improved victims’ behavior after traumatic brain injury.
Additionally, ALC reduces oxidative stress and improves the function of mitochondrial membranes
provoked by neurotoxic glutamate action [105]. The efficacy, safety and tolerability of ALC were
studied during a double-blind, placebo-controlled, 12-week trial in patients with initial dementia
caused by AD and vascular dementia (VD). The trial ended with the conclusion that ALC (carnicetine)
can be recommended at doses of 2.25–3.0 g/day for the treatment of the early stages of AD and VD.
ALC was well-tolerated [93]. Recently, the unique pharmacological properties of ALC have been
confirmed, which allow us to look at this molecule as a representative of the next generation of
antidepressants with a safe profile, especially for older people [106].

4.4.3. Propionyl L-Carnitine (PLCAR)

Propionyl-L-carnitine (PLCAR), or L-carnitine esterified with propionic acid, is more stable and
bioavailable than free carnitine, with significantly stronger action than free L-carnitine, especially in
the circulatory system and cardiac muscle. PLCAR was recommended for the treatment of diseases
of the peripheral arteries and other disturbances of the cardiovascular system [98,107]. According
to some data, PLCAR increases the concentration of L-carnitine in muscles independently of insulin
levels, which is beneficial during the application of low carbohydrate diets. It was proven that PLCAR
prevents the peripheral neuropathy connected with diabetes or toxic chemotherapy, improving nervous
conductivity and blood flow in peripheral nerves [81].
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4.4.4. Acetyl L-Carnitine Arginate (ALCA)

Damaged mitochondria are associated with decreased ATP production and increased reactive
oxygen species production, both of which characterize AD patients. Arginine is a substrate for nitric
oxide (NO) synthesis that improves the extension of blood vessel walls and improves blood circulation
in the organism [108]. Acetyl L-Carnitine Arginate is an assistant to mitochondrial function, that helps
to promote cell growth and cellular differentiation and may even play a role in the slowing the aging
process. ALCA helps to boost mitochondrial energy production and promotes targeted benefits for
the brain, heart and central nervous system. Supplementation with ALCA results in an increase
in resting nitrate/nitrite levels in pre-diabetics, without any statistically significant changes in other
substances connected with metabolic or oxidative stress (malondialdehyde, xanthine oxidase activity
and hydrogen peroxide) [109]. Alpha-lipoic acid (ALA) (an eight-carbon saturated fatty acid)—a
compound with strong antioxidative action, required by the pyruvate dehydrogenase complex for
starting the tricarboxylic acids cycle—is frequently added to ALC. An important function of ALA in
organisms is a redirection of anaerobic to aerobic metabolism in cells, preventing the acidification of
the organism and enabling the generation of much more energy than can be generated by anaerobic
metabolism [110]. It was reported that old rats that were fed with ALC and ALA significantly reduced
their numbers of severely damaged mitochondria and increased the numbers of intact mitochondria
in the hippocampus. The above results suggest that feeding ALC with ALA may also ameliorate
age-associated mitochondrial ultrastructural decay in humans [110].

4.4.5. Glycine-Propionyl- L-Carnitine (GPLC)

Glycine improves the gut absorption and transfer through the intestinal walls of L-carnitine
and facilitates the reaching of the circulation by L-carnitine. The combination of L-carnitine with
glycine and propionic acid (GPLC) significantly improves the absorption and utilization of L-carnitine
by cells. GPLC supports the production of nitric oxide (NO), an important substance facilitating
blood circulation during physical training [111]. By stimulating NO synthesis, GPLC induced the
distension of blood vessels, lowering pressure on the blood vessel walls. GPLC facilitates the faster
and more efficient transport of fats to muscle cells (an important source of energy during prolonged
physical exercise, when glycogen stores are exhausted) and facilitates the elimination of metabolic
waste products. GPLC exhibits strong antioxidative properties that protect cells against the action of
free radicals of oxygen and nitrogen. It was reported that GPLC significantly increases glutathione
levels and decreases the levels of markers reflecting an increased speed of protein and lipid oxidation
in humans [112]. GPLC increases the effectivity of citric acid cycle and inhibits lactate synthesis,
prolonging the time of effective physical activity [113]. Some studies showed that GPLC significantly
blocked D-galactosamine-induced pro-inflammatory cytokine (TNF-α and IL-6) production and, at the
same time, inhibited the expression of α-smooth muscle actin, collagen-I and transforming growth
factor-β. It has been demonstrated that GPLC has hepatoprotective effects against fulminant hepatic
failure and chronic liver injury induced by D-galactosamine. Blommer et al. [114] determined the
effect of GPLC on oxidative stress biomarkers at rest and on reactive hyperemia during the exercise of
trained men. They found a decrease in lipid peroxidation with the oral intake of GPLC at rest, and in
previously sedentary subjects. Whereas short-term ischemia–reperfusion in trained men results in
a modest and transient increase in blood oxidative stress biomarkers, oral GPLC supplementation
during short-term ischemia–reperfusion in trained men does not attenuate the increase in oxidative
stress biomarkers.

4.4.6. L-Carnitine-L-Tartate (LCLT)

L-carnitine-L-tartate (LCLT) contains L-tartate coupled with L-carnitine. L-tartate intensifies
L-carnitine’s action by decreasing glucose absorption from the gastro-intestinal tract and decreasing the
deposition of spare fats. LCLT is recommended for persons desiring to reduce fat tissue and improve
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efficiency and muscle force during training. Some research has shown that LCLT supplementation
beneficially affects markers of hypoxic stress following resistance exercise. Muscle oxygenation was
reduced by LCLT in the trial upper arm occlusion and following each set of resistance exercise. Despite
reduced oxygenation, plasma malondialdehyde, a marker of membrane damage, was attenuated
during the LCLT trial. The hypoxic stress was attenuated with LCLT supplementation [115]. The use of
LCLT relieved the damage caused by metabolic stress and the hypoxic chain of events leading to muscle
damage after exercise (reduced post-exercise serum levels of hypoxanthine, xanthine oxidase and
myoglobin and perceived muscle soreness) [116]. In addition, a positive effect of LCLT on the endocrine
system has been demonstrated. The supplementation of LCLT increased androgen receptor content in
the muscle, which may result in increased testosterone uptake and thus enhanced luteinizing hormone
secretion via feedback mechanisms, which may promote recovery post resistance exercise [117].
Chronic LCLT supplementation increased carbohydrate oxidation during exercise [118]. The influence
of LCLT on markers of purine catabolism (hypoxanthine, xanthine oxidase and serum uric acid),
circulating cytosolic proteins (myoglobin, fatty acid-binding protein and creatine kinase), free radical
formation, and muscle tissue disruption after squat exercise was examined. Exercise-induced increases
in plasma malondialdehyde (a lipid peroxidation product) returned to resting values sooner with
LCLT supplementation than with a placebo. The above data indicate that LCLT supplementation is
effective in assisting recovery from high-repetition squat exercise [119].

5. Conclusions

From the point of view of rational nutrition standards and the MIND diet favoring good health, it is
beneficial to introduce nutritional products rich in L-carnitine and its derivatives or the supplementation
of the diet with L-carnitine, and especially ALC, for the prevention and/or alleviation of dementia and
other AD symptoms.

Despite the controversy concerning the consumption of red meat—based on the belief that a high
consumption of red meat increases the risk of cancer, particularly colon cancer—a properly balanced
diet should contain animal food. Excessive restrictions or the extreme avoidance of eating meat or
dairy products in the human diet eliminates many bioactive substances necessary for the correct
development and functioning of the organism. Therefore, it is necessary to implement diets with food
products rich in carnitine and its derivatives.

It should be stressed that correct nutrition is an important element of lifestyle that may be an
important factor for healthy, slow, favorable aging and delaying the development of neurodegenerative
diseases including dementia and AD. We should keep in mind that a correct diet rich in vegetables
with low starch content, fruit with low glycemic indices, cereals, legumes, vegetable oils and sea fish
with reasonable amounts of meat and dairy products is essential for our health and lowers the risk of
dementia and AD.
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Abstract: The effects of two different dietary supplements on the redox status of healthy human
participants were evaluated. The first supplement (GluS, Glutathione Synthesis) contains the
precursors for the endogenous synthesis of glutathione and the second (GluReS, Glutathione and
Resveratrol Synthesis) contains in addition polydatin, a precursor of resveratrol. To assess the
influence of GluS and GluReS on the redox status, ten thiol species and three vitamins were measured
before (t0) and after 8 weeks (t1) of dietary supplementation. An inflammatory marker, neopterin,
was also assessed at the same time points. Both supplements were highly effective in improving the
redox status by significantly increasing the reduced-glutathione (GSH) content and other reduced thiol
species while significantly decreasing the oxidized species. The positive outcome of the redox status
was most significant in the GluRes treatment group which also experienced a significant reduction in
neopterin levels. Of note, the endogenous levels of vitamins C, E and A were significantly increased
in both treatment groups, with best results in the GluReS group. While both dietary supplements
significantly contributed to recognized antioxidant and anti-inflammatory outcomes, the effects of
GluReS, the combination of glutathione and resveratrol precursors, were more pronounced. Thus,
dietary supplementation with GluReS may represent a valuable strategy for maintaining a competent
immune status and a healthy lifespan.

Keywords: glutathione; polydatin; precursors; vitamins; supplements; antioxidant; anti-inflammatory;
sirtuins; aging; lifespan

1. Introduction

Oxidation [1] and inflammation [2] are key physiologic processes that are at the basis of several
chronic diseases. Aging [3] and external factors contribute to oxidative stress, which is an exacerbation
of oxidative reactions that cause damage to DNA [4], lipids [5] and proteins/enzymes [6]. A link
between oxidation and inflammation exists, with antioxidants having been shown to help to prevent
excessive inflammatory responses [7].
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Several antioxidant factors [8] are continuously activated to delay the age-related pro-oxidizing
shift in the redox state. Glutathione represents one of the most important and ubiquitous among
those factors [9,10]. Glutathione is a thiol tripeptide formed by glutamate (Glu), cysteine (Cys) and
glycine (Gly) which is synthesized in the cytosol of all mammalian cells [11] where it reaches a very
high concentration, in the mM range [10] and is actively transported in the inter-membrane space
of mitochondria [12]. Most of glutathione synthesis occurs in the liver where it is subsequently
secreted and transported to other organs, to assist in maintaining inter-organ glutathione homeostasis.
Glutathione is also the principal mediator of detoxification reactions for protection from xenobiotic
insults (drugs, toxins, etc.) [10].

The levels of glutathione decline with age [13–15] and their replenishment through dietary
supplementation represents a potential strategy to achieve a healthy aging [16]. However, the majority
of exogenously ingested glutathione is destroyed within the gastrointestinal tract. To overcome
this limitation, different approaches have been attempted, including delivering glutathione by
liposomes [17]. Thus far, the most effective approach has been shown to be the induction of endogenous
synthesis of glutathione through dietary supplementation of its precursors [18].

This study was designed to test, in healthy human participants, the antioxidant and
anti-inflammatory efficacy of two dietary supplements containing either the glutathione precursors
glutamine, α-ketoglutarate and alanine [19,20], N-acetylcysteine [21,22] and glycine [23] alone (GluS),
or combined with polydatin (GluReS), which acts as a precursor of resveratrol [24]. In order to provide
a complete picture of the redox status before and after dietary supplementation, the antioxidant efficacy
was evaluated by measuring ten thiol species and three endogenous vitamins. The anti-inflammatory
effects were investigated by measuring the inflammatory marker neopterin [25].

Resveratrol (RV) is a well-known polyphenol which has gained wide attention for its anti-aging
activity in animal models [26] and its observed ability to counteract the onset of many age-related
comorbidities in humans [27], mainly through the activation of a family of deacetylating enzymes,
the sirtuins [28,29]; RV however, has poor bioavailability. Polydatin (PD), which differs from RV
only for a glycosidic residue, is endowed with a higher solubility that permits uptake by glucose
receptors into the cells [30] where RV is then released via enzymatic hydrolysis. In addition, PD is
more resistant to oxidation than RV [31] and also presents a higher free radical scavenging activity
compared to RV [32]. Of interest, red wine contains greater amounts of PD than RV [33,34]. Similarly to
RV, PD has been shown to activate sirtuins in a number of animal models [35–38]. In turn sirtuins
are able to trigger phase II enzymes (anti-oxidant) [39] and enhance the glutathione system [40]
activating the main enzymes involved in glutathione metabolism: GSH-Peroxidase (GPX) [41] and
GSH-S-Transferase (GST) [42]. GPX and GST are potent mediators of the anti-oxidant and detoxifying
function of GSH. Therefore, we hypothesized that the addition of PD to GSH precursors should boost
the anti-inflammatory action and potentiate the anti-oxidant system, possibly leading to a synergistic
effect. The antioxidant efficacy of the two dietary supplements GluS and GluReS was evaluated by the
assessment of thiols redox status in erythrocytes, adopted as cellular model, and in plasma.

2. Materials and Methods

2.1. Study Design

To evaluate the anti-inflammatory and antioxidant effects of a supplement of glutathione precursors,
with and without PD, we conducted a randomized clinical trial.

The healthy participants underwent a medical evaluation to determine his/her eligibility.
The exclusion criteria were: (1) pregnancy; (2) regular use of drugs which inhibit the metabolism
of homocysteine (such as methotrexate, anti-epileptic drugs); (3) serious disease; (4) chemotherapy.
Each participant signed an informed consent.

Thirty adult men and women aged 45–75 years were randomly assigned to one of two treatment
groups by adaptive minimization, balancing for age, gender and smoking status. The treatment
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groups received either GluReS (glutathione precursors + PD) or GluS (glutathione precursors only).
Participants were blinded to the treatment (bottles were labeled A or B and capsules of GluReS and
GluS were undistinguishable). Each treatment group was composed of 15 participants: a first
group of seven males and eight females, mean age: 59 years ± 12 SD, who received GluReS
(glutathione precursors + PD) and a second group of eight males and seven females, mean age:
60 years ± 10 SD who received GluS (glutathione precursors only). Five and four smokers were present
in GluReS and GluS group, respectively. Anthropometric data of the two groups are reported in Table 1.

Table 1. Anthropometric data of the two groups.

GluReS GluS

Weight (kg) 68.65 (14.61) 75.36 (13.24)
Height (m) 1.69 (0.11) 1.70 (0.09)

BMI (kg/m2) 23.80 (2.45) 25.87 (3.62)
Waistline (cm) 90.54 (8.05) 98.83 (11.95)

Heart rate 68.46 (9.39) 65.08 (8.55)
Sistolic blood pressure 122.92 (10.77) 125.58 (12.72)

Diastolic blood pressure 86.77 (4.73) 83.08 (8.71)

GluReS = Glutathione and Resveratrol Synthesis group; GluS = Glutathione Synthesis group. Values represent
mean (±SD). BMI = body mass index.

Both dietary supplements were supplied as capsules, 2 capsules/day to be taken on a full stomach
(each capsule after a meal).

The formulation of the two dietary supplements is shown below in Table 2.

Table 2. The formulation of the two dietary supplements.

GluReS GluS

mg mg

glutamine, α-ketoglutarate 217 217
N-acetylcysteine 210 210

glycine 105 105
alanine 126 126

sodium selenite 7 7
polydatin 35 —

total 700 665

Both dietary supplements were produced by Solimè Srl, (Milan, Italy) a company certified
according to UNI EN ISO 9001:2015, which guarantees that the productions are carried out in a HACCP
self-control system and in compliance with Good Manufacturing Practices (GMP) according to ISO
22716 and the indications of the regulations in force.

The participants did not interrupt consumption of usual drugs prescribed by their doctors and
were asked to report adverse events or concomitant medications occurring during the study period.
The participants were also asked to notify any changes in lifestyle or dietary habits.

The study period was eight weeks and each participant underwent a blood and urine sampling at
the beginning (t0) and at the end (t1) of the study. Biological samples were obtained in the morning
after an overnight fast. Approximately 5 mL of blood were drawn from the antecubital vein. The blood
samples were collected in ethylenediaminetetraacetic acid dipotassium salt (K2EDTA) vacutainer tubes
(Becton Dickinson Company, Oxford UK), and blood was separated by centrifuge (5702R, Eppendorf,
Germany) at 3000× g for 5 min at 4 ◦C. Samples of plasma and erythrocytes were then immediately
stored in multiple aliquots at −80 ◦C until the analyses. Aliquots of the urine were stored at −20 ◦C
until the analyses were performed.
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This study was conducted in accordance with the Good Clinical Practice guidelines and the
Declaration of Helsinki. Study approval was received from the IRCCS Ospedale San Raffaele (Milan,
Italy) ethical committee.

2.2. High Performance Liquid Chromatography (HPLC) Determination of the Principal Circulating Thiols in
Plasma and Erythrocytes

Total and reduced thiols were measured in plasma and erythrocytes following a validated method
previously published, using two different procedures for preparation of samples [43]. In brief,
two aliquots of each sample were prepared, one for the total and one for the reduced thiols.
The latter was treated with Tris-(2-carboxyethyl)-phosphine hydrochloride (TCEP) as reducing agent,
then both aliquots underwent a precipitation step with 10% trichloroacetic acid (TCA), followed by
centrifugation at 14,000× g for 10 min at 4 ◦C. Clear supernatant (100 μL) was incubated 90 min
at room temperature with 4-fluoro-7-sulfamoylbenzofurazan (ABD-F, derivatizing agent) before
chromatographic analysis. Thiols’ separation was performed at room temperature through high
pressure isocratic liquid chromatography on a Discovery analytical column (250 × 4.6 mm, Supelco,
Sigma-Aldrich, Bellefonte, PA 16823-0048, USA) eluted with 0.1 M acetate buffer, pH 4.0–methanol,
81:19 (v/v) with a flow rate of 1.0 mL/min. Fluorescence intensity was measured by a Jasco fluorescent
spectrophotometer with excitation and emission wavelengths of 390 and 510 nm, respectively.
Sample concentration was obtained using a standard calibration curve. The units of measurement are
μM. The concentration of oxidized forms was calculated as the difference between total and reduced
thiols forms. Oxidized glutathione forms encompass the dimers (GSSG), the mixed disulfide forms
(GSSR) and the protein mixed disulfide forms (ProSSG) [44].

2.3. HPLC Determination of Vitamin C (ascorbic acid), Vitamin A (retinol), Vitamin E (α-tocopherol)

HPLC determination of the three vitamins were performed using commercially available kits with
European certification from Chromsystems Instruments and Chemicals GmbH (Grafelfing, Germany):
for vitamin A and E order n. 34000, for vitamin C order n. 65065. Reproducibility: intra-assay for
vitamin A coefficient of variation (CV) is 2.5%, for vitamin E CV is 2.4%, for vitamin C CV is 3.8%;
inter-assay for vitamin A CV is 5.0%, for vitamin E CV is 4.9%, for vitamin C CV is 4.8%. Recovery for
vitamin A is 106%, for vitamin E is 101%, for vitamin C is 97–103%. Linearity for vitamin A is
0.02–5.0 mg/L, for vitamin E is 0.25–45.0 mg/L, for vitamin C 0.4–100 mg/L. Limit of quantification
(LLOQ) for vitamin A is 0.02 mg/L, for vitamin E is 0.25 mg/L, for vitamin C is 0.40 mg/L. Vitamin E
concentrations (μM) were normalized to total cholesterol (mM) for a more accurate evaluation [45].

2.4. HPLC Determination of Urinary Neopterin

Urinary neopterin concentrations were measured by an isocratic HPLC method and were
normalized to urine creatinine concentrations. Urine samples, stored at −20 ◦C were thawed
and centrifuged at 13,000 rpm for 5 min at 4 ◦C; the supernatant was then adequately diluted
with chromatographic mobile phase (15 mM of K2HPO4, pH 3.0). Neopterin and creatinine
levels were measured using a Varian instrument (pump 240, autosampler ProStar 410) coupled
to a fluorimetric detector (JASCO FP-1520, λex = 355 nm and at λem = 450 nm) for neopterin
detection and to an ultraviolet-visible detector (Shimadzu SPD 10-AV, λ = 240 nm) for creatinine
determinations. Analytic separations were performed at 50 ◦C on a 5 μm Discovery C18 analytical
column (250 × 4.6 mm I.D., Supelco, Sigma-Aldrich, Bellefonte, PA 16823-0048, USA) at flow rate of
0.9 mL/min. The calibration curves were linear over the range of 0.125−1 μmol/L and of 1.25−10 mmol/L
for neopterin and creatinine levels, respectively. Inter-assay and intra-assay coefficients of variation
were <5%.
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2.5. Statistics

Data are expressed as mean ± SD and were analyzed using parametric statistics following
mathematical confirmation of a normal distribution using Shapiro-Wilks W test. Experimental data
were compared by ANOVA variance analysis followed by Tukey’s multiple comparison test to further
check the among group significance. Statistical analyses were performed using the software Prism
8 (GraphPad Prism 8.3, Software, Inc., San Diego, CA, USA). A p-value of <0.05 was considered
statistically significant. Change Δ% estimation [(post value-pre value)/pre value) * 100] was used to
compare the changes that occurred in the two study groups after the 8 weeks of diet supplementation
and it is also reported in the text. The prospective calculation of the sample size was determined
choosing the value of reduced glutathione [46]. At a power of 80% the number of participants of 13
was calculated, which is below the number of participants recruited for this study.

3. Results

All participants completed the eight weeks (t1) of dietary supplementation and no adverse effects
were reported. Furthermore, no significant differences between the two groups examined at baseline
were found.

The level of endogenous reduced thiols in erythrocytes at t0 and t1 are shown in Figure 1.
A significant increase of reduced glutathione (GSH) was induced by both dietary supplements
(p < 0.001 for GluRes and p < 0.01 for GluS) (Figure 1A); however, the increase was greater in GluReS
compared to the GluS group (+40% and +32%, respectively). Cysteine (Cys) instead (Figure 1B)
decreased significantly (p < 0.001) in both groups, as expected because it was efficiently used to
produce GSH in the erythrocytes. The decrease was superior in group GluReS versus group GluS
(−22% and −19%, respectively). Finally, a catabolite of GSH, cysteinylglycine (CysGly) was also
measured (Figure 1C); a significant (p < 0.05 vs. p < 0.001) increase in both groups was found, and also
in this case the increase was higher in group GluReS compared to group GluS (+32% versus +25%).

Figure 1. Scatter dot plot of reduced thiol species measured in erythrocytes before (t0) and after
8 weeks (t1) of dietary supplementation with GluReS (Glutathione and Resveratrol Synthesis) or GluS
(Glutathione Synthesis). (A) reduced glutathione (GSH), (B) reduced cysteine (Cys), (C) reduced
cysteinylglycine (CysGly); RBC = red blood cells. Data are expressed as the mean ± SD. Changes over
time (t1 vs. t0) were significant at: * p < 0.05; ** p < 0.01; *** p < 0.001.

The results of the oxidized thiols in erythrocytes are depicted in Figure 2. A highly significant
(p < 0.0001) decrease from t0 to t1 was observed in: oxidized glutathione (−56% vs. −79%, Figure 2A);
oxidized Cys (−34% vs. −24%, Figure 2B) and oxidized CysGly (−44% vs. −47%, Figure 2C) for group
GluReS compared to group GluS, respectively. The oxidized glutathione (Figure 2A) represents a total
pool including not only the dimers (GSSG), but also the mixed disulfide (GSSR) and the protein mixed
disulfide forms (ProSSG).
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Figure 2. Scatter dot plot of oxidized thiol species measured in erythrocytes before (t0) and after eight
weeks (t1) of dietary supplementation with GluReS or GluS. (A) oxidized glutathione, (B) cysteine
(Cys), (C) cysteinylglycine (CysGly); RBC = red blood cells. Data are expressed as the mean ± SD.
Change over time (t1 vs. t0) was significant at: **** p < 0.0001.

The reduced and oxidized thiols were evaluated also in plasma, except for glutathione due to
its almost undetectable levels in plasma [9]. Figure 3 summarizes the data obtained at t0 and t1 for
both treatment groups. Reduced Cys increased highly significantly (p < 0.0001) in GluReS group
and significantly (p < 0.01) in the GluS group (+42%, vs. +16%, Figure 3A). The same occurred
for the reduced CysGly catabolite which increased significantly (p < 0.01) in both groups (+45% vs.
+24% Figure 3B). Conversely, oxidized Cys (Figure 3C) and CysGly (Figure 3D) declined significantly
(p < 0.001) in both groups, with similar degrees for Cys (−28% GluReS and −27% GluS), whereas for
oxidized CysGly the decrease was greater in GluS compared to GluReS (−37% vs. −30%, respectively).

Figure 3. Scatter dot plot of reduced and oxidized thiol species measured in plasma before (t0) and after
8 weeks (t1) of dietary supplementation with GluReS or GluS. (A) reduced cysteine (Cys), (B) reduced
cysteinylglycine (CysGly), (C) oxidized cysteine (Cys), (D) oxidized cysteinylglycine (CysGly). Data are
expressed as the mean ± SD. Changes over time (t1 vs. t0) were significant at: ** p < 0.01; *** p < 0.001;
**** p < 0.0001.
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Table 3 summarizes the data displayed in Figures 1–3.

Table 3. Before and after concentrations (μM) of reduced and oxidized forms of glutathione, cysteine and
cysteinylglycine in erythrocytes and plasma for the two groups.

Erythrocytes
GluReS GluS

t0 t1 %Δ t0 t1 %Δ

Glutathione
reduced 967.59 ± 283.23 1349.87 ± 367.62 +40 958.42 ± 123.74 1265.09 ± 144.95 +32
oxidized 1262.95 ± 321.77 560.47 ± 251.47 −56 1115.35 ± 346.66 231.67 ± 196.89 −79

Cysteine
reduced 17.51 ± 2.17 13.74 ± 3.24 −22 17.94 ± 1.77 14.49 ± 1.26 −19
oxidized 28.46 ± 3.04 18.72 ± 1.72 −34 27.24 ± 3.30 20.77 ± 2.89 −24

Cysteinylglycine
reduced 5.43 ± 1.81 7.14 ± 2.26 +32 3.81 ± 0.51 4.77 ± 0.63 +25
oxidized 3.45 ± 0.67 1.92 ± 0.37 −44 3.40 ± 0.70 1.79 ± 0.28 −47

Plasma
GluReS GluS

t0 t1 %Δ t0 t1 %Δ

Cysteine
reduced 14.59 ± 1.67 20.73 ± 5.05 +42 16.71 ± 1.36 19.35 ± 2.80 +16
oxidized 300.81 ± 75.58 215.48 ± 46.55 −28 292.28 ± 34.31 213.65 ± 39.17 −27

Cysteinylglycine
reduced 5.63 ± 0.83 8.19 ± 2.30 +45 7.62 ± 2.06 9.45 ± 2.13 +24
oxidized 77.55 ± 25.95 53.95 ± 12.50 −30 74.99 ± 10.48 47.28 ± 10.72 −37

The difference between the t1 levels of reduced glutathione in erythrocytes observed in the
two groups, i.e., 1349.87 ± 367.62 in the GluReS group versus 1265.09 ± 144.95 in the GluS group
(p < 0.013) further supports the more efficient anti-oxidant activity of GluReS compared to GluS.

Since the redox status also has regulatory interactions with the vitamins’ metabolic pathways,
we evaluated whether changes occurred in the levels of endogenous vitamins C, A, and E. Noteworthy,
endogenous vitamins C, A and E increased significantly in both groups (range p < 0.01–0.0001), with the
GluReS group showing a much higher increase compared to the GluS group (Table 4). The Δ% of
vitamin E refers to the ratio vitamin E:cholesterol.

Table 4. Summary of the change from t0 to t1 (Δ%) and significance (p) of the three vitamins for the
two groups.

vitamin C p vitamin A p vitamin E p

Δ% Δ% Δ%

GluReS +37 <0.01 +33 <0.01 +58 <0.0001
GluS +11 <0.001 +14 <0.001 +39 <0.0008

Finally, we measured neopterin, an established inflammatory marker [47], in the urine of the
participants (Figure 4). Levels of neopterin remained substantially the same in GluS group, whereas it
diminished significantly (p < 0.01) in the GluReS (−30%).
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Figure 4. Scatter dot plot of neopterin levels measured in urine before (t0) and after 8 weeks (t1) of
dietary supplementation with GluReS or GluS. Data are expressed as the mean ± SD. Changes over
time (t1 vs. t0) was significant at ** p < 0.01.

4. Discussion

This study describes a before and after study of dietary intervention with two supplements; the first
contains precursors for the endogenous synthesis of glutathione (GluS), whereas the second (GluReS)
contains the same precursors in addition to polydatin, a precursor of resveratrol. Ten thiol species,
three vitamins and the inflammatory marker neopterin were measured before and after eight weeks of
supplementation. Both supplements appeared to improve redox status, as measured by thiol species,
with the GluReS performing better overall. Additionally, endogenous vitamin concentrations of
vitamins C, E and A were increased with both supplemental protocols, whereas GluReS only induced
a significant reduction of neopterin.

Previous studies demonstrated that the metabolic pathways that lead to the generation of
glutathione can be boosted by dietary supplementation with its precursors [18]. To the best of
our knowledge however the potential synergy between the increase of sirtuin activity induced by
resveratrol, as well as its precursor polydatin, and reduced glutathione (GSH) have not yet been
reported. Figure 5 illustrates the pathways leading to GSH synthesis and degradation as well as the
points of contact with the activity of polydatin.

The data reported here demonstrate that by providing the selected precursors both dietary
supplements (GluReS and GluS) were successful in inducing in erythrocytes a significant increase
of endogenous reduced glutathione (GSH) and a concomitant decrease of oxidized glutathione.
It should be pointed out that our method measures all oxidized glutathione forms (dimers (GSSG),
mixed disulfide forms (GSSR) and protein mixed disulfide forms (ProSSG)), but cannot distinguish
among them, which is beyond the scope of our study. All changes in the thiol species occurring
after eight weeks of dietary supplementation were highly significant in both arms, ranging from
p < 0.05 to p < 10−4, indicating a metabolic acceleration and a boost of intra-cellular (erythrocytes) and
extra-cellular (plasma) antioxidant activity.

In both study groups the decrease in erythrocytes of both reduced and oxidized cysteine may
indicate that the reduced form is used for the biosynthesis of GSH, decreasing the pool of molecules
for oxidation. On the other hand, the plasma levels of oxidized cysteine, which represents a strong
pro-oxidant molecule, were significantly decreased, whereas those of reduced cysteine were significantly
increased. This increase in plasma can in turn facilitate the transport into the erythrocytes through
γ-glutamyl binding. This binding and transport are probably due to the presence of glutamate which
is synthesized and made available through the activity of the aminotransferases (ALT and AST) on the
substrates α-ketoglutarate and glutamine, both provided by the dietary supplements. In both groups
also the catabolite CysGly was affected with concomitant significant reduction of the oxidized form
and increase of the reduced form occurring both in erythrocytes and plasma due to the activity of GGT.
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Figure 5. Schematic summary of glutathione synthesis, catabolism, regulation and putative connections
with polydatin. Reduced glutathione (GSH) can be produced by continuous recycling mediated by the
enzymes glutathione peroxidase (GPX) and glutathione reductase (GR). GPX uses GSH as substrate
and oxidizes it to its dimeric oxidized form (GSSG), reducing peroxides and acid peroxides to water
and alcohol. GR brings back GSSG to its reduced form GSH which will again be oxidized by GPX,
thus leading to the antioxidant status necessary for cellular homeostasis. Instead de novo synthesis
of GSH is mediated by glutamate-cysteine ligase (GCL) and glutathione synthetase (GS) when the
building blocks (Glutamate, Cys = Cysteine, Gly = Glycine) are available in sufficient quantities.
A negative feed-back mechanism exists since GSH inhibits GCL, avoiding unnecessary biosynthesis of
GSH. In order to perform its detoxification function GSH is consumed by its conjugation to drugs or
other xenobiotics mediated by glutathione S-transferase (GT), whereas its catabolism is initiated by
γ-glutamyl transpeptidase (GGT) which yields the CysteinylGlycine (CysGly) dipeptide. Polydatin may
impact GSH metabolism either augmenting the quantity or activation of GCL through the Nrf2 pathway
or by triggering sirtuins which in turn modulate the activity of GPX and GT. The precursors present
in the GluS and GluReS dietary supplements are depicted in red. GSH-X = reduced glutathione
bound to a xenobiotic substance; X = xenobiotic substance; AA = aminoacids; NAC = N-acetylcysteine;
Ala = alanine; Gln = glutamine; αKG = α-ketoglutarate.

Although both study arms behaved in the same manner towards a positive redox outcome from
t0 to t1, GluReS was substantially superior to GluS group, in nine out of the 10 thiol species evaluated.
The higher performance of GluReS supplementation can be ascribed to the presence of polydatin
that provides additional reducing equivalents owing to its antioxidant activity [48] carried out by
the hydroxyl group OH in position C4. In addition, polydatin may also act indirectly by activating
sirtuins [35–38], which in turn stimulate phase II detoxifying enzymes and enhance the activity of GST
and GPX [41–49]. Consumption of reduced glutathione (GSH) molecules through GST activity induces
reactivation of GSH de novo synthesis, suggesting that dietary supplement GluReS synergizes with
GST through the precursors-mediated biosynthesis of new GSH molecules. While GST is responsible
for the detoxifying activity of GSH, the antioxidant action of GSH is carried out by GPX. In our study
the reduced and oxidized thiol species demonstrated that GluReS was superior to GluS, suggesting an
increased enzymatic activity of GPX induced by polydatin as compared to GR. GluS resulted superior
to GluReS only on the reduction of oxidized glutathione at t1, as if the action of GR was delayed.
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This result could be explained by the fact that GR maintains the same level of activity in the two groups,
but in GluReS it is the activity of GPX that appears accelerated due to the presence of polydatin. Finally,
polydatin could also activate GLC activity through the NF-E2-related factor 2 (Nrf2) pathway [50]
which coordinates the antioxidant and phase II detoxification enzymes to adapt to different stress
conditions. Both resveratrol and polydatin have been shown to activate the Nrf2 pathway in different
murine models [51,52].

A second important result of our study was the significant increase of endogenous vitamins C, E,
and A in both groups at t1. These results can be explained by the fact that the newly synthetized reduced
glutathione (GSH) is able to regenerate ascorbic acid (vitamin C) from its precursor dehydroascorbic
acid (DHA) through the action of the enzyme dehydroascorbate reductase. Otherwise DHA would
irreversibly pass to 2,3-diketogulonic acid, causing a loss of vitamin C. The reduction of DHA by
GSH is a very active pathway and leads to almost total recovery of vitamin C. Vitamin C in turn is
able to transform the α-tocopherol radical into α-tocopherol (vitamin E), concomitantly neutralizing
the free radicals of carotenoids which could have a pro-oxidative effect if not removed by vitamin C.
Vitamin E in turn protects from oxidation β-carotene and vitamin A localized intracellularly and in
the circulating lipoproteins, thus leading to an increase of vitamin A. GluReS was definitely superior
to GluS in upregulating the endogenous levels of vitamins C, E, A, most likely due to the boost of
GSH with its effect on the vitamins’ metabolism. Noteworthy, in age-related macular degeneration,
vitamins C, E and β-carotene have been shown to be effective in retarding the degenerative process [53]
and within the aging population (British participants over 65 years) plasma levels of vitamin C and E
have been found to reduce the risk for all-cause mortality, and respiratory mortality, respectively [54].

The significant increase of endogenous vitamins (C, E, A), especially in the polydatin plus
glutathione precursors group, is an original and important finding since exogenously provided
vitamins may be given in excess to well-nourished people [55] and could possibly be harmful [56].
On the same line, the fact that GSH itself when it has reached the necessary levels establishes a negative
feed-back on its de novo synthesis through inhibition of the GCL enzyme [57] implies that providing
precursors for endogenous synthesis of GSH could represent a safe, and efficient, strategy.

At last, a significant drop of the inflammatory marker neopterin measured in urine was observed
only in the GluReS group. This result can be explained by the anti-inflammatory effect of PD
through inhibition of NF-kB activity documented in vitro [58] and in various animal models of
inflammation-induced damage of various cells or organs [59–62] including the kidney [63].

A limitation to this study is represented by the lack of a placebo-controlled arm.
Indeed uncontrolled before and after studies have been demonstrated to often be confounded,
which leads to an overestimation of the intervention’s effectiveness [64], thus these results,
although innovative and significant, require cautious interpretation and further validation.

The age range of our participants was 45–75 years, an important time to implement strategies
aiming towards a healthy aging with disease-free years to live. Dietary supplements containing both
anti-inflammatory factors such as PD and precursors effective in maintaining GSH levels appear to be
a valuable approach. The maintenance of a balanced redox status and of an adequate level of vitamins
along with the control of subclinical inflammation can be leveraged for the prevention of chronic
degenerative diseases associated with aging. Depletion of cellular GSH induces ferroptosis [65],
an iron-dependent non-apoptotic form of cell death [66] and low levels of GSH are found in
HIV-infected individuals [67] and in a number of age-related diseases [57], such as cataract [68],
Alzheimer’s [69], diabetes and cancer [70]. Finally, a recent paper by Lian and colleagues reported
that GSH de novo synthesis, but not GSH recycling, is required for activation and proliferation of
murine T lymphocytes [71], underlying the importance of providing GSH precursors to maintain an
immune-competent status, and providing an additional potential application of GluS and/or GluReS
supplements in the prevention of infectious diseases.
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5. Conclusions

This study provides preliminary but strong evidence for the use of GSH precursors combined
with polydatin to maintain the redox status into an ideal range while at the same time activating
sirtuins which, in addition to their synergistic effects on the redox status, exert a multitude of beneficial
effects on cellular metabolism and immune functions. These results should encourage further testing
of GluReS in randomized placebo-controlled studies on the prevention of age-associated diseases and
the optimization of immunocompetency.
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Abstract: Dry eye syndrome (DES) is a corneal disease often characterized by an irritating,
itching feeling in the eyes and light sensitivity. Inflammation and endoplasmic reticulum (ER)
stress may play a crucial role in the pathogenesis of DES, although the underlying mechanism remains
elusive. Aster koraiensis has been used traditionally as an edible herb in Korea. It has been reported
to have wound-healing and inhibitory effects against insulin resistance and inflammation. Here,
we examined the inhibitory effects of inflammation and ER stress by A. koraiensis extract (AKE) in animal
model and human retinal pigmented epithelial (ARPE-19) cells. Oral administration of AKE mitigated
DE symptoms, including reduced corneal epithelial thickness, increased the gap between lacrimal
gland tissues in experimental animals and decreased tear production. It also inhibited inflammatory
responses in the corneal epithelium and lacrimal gland. Consequently, the activation of NF-κB was
attenuated by the suppression of cyclooxygenase-1 (COX-1) and cyclooxygenase-2 (COX-2). Moreover,
AKE treatment ameliorated TNF-α-inducible ocular inflammation and thapsigargin (Tg)-inducible
ER stress in animal model and human retinal pigmented epithelial (ARPE-19) cells. These results
prove that AKE prevents detrimental functional and histological remodeling on the ocular surface
and in the lacrimal gland through inhibition of inflammation and ER stress, suggesting its potential
as functional food material for improvement of DES.

Keywords: functional food; dry eye; Aster koraiensis; animal model and human retinal pigmented
epithelial (ARPE-19) cells

1. Introduction

Dry eye (DE) has been identified as a common disease of the eye, which is induced by the
failure of tear production and tear retention in the ocular surface [1]. Dry eye syndrome (DES),
also known as keratoconjunctivitis sicca, is primarily caused by genetic factors, autoimmunity,
and external environmental insults. A previous cohort study estimated that approximately 14.5% of
the US population suffers from DE [2]. DE is mainly caused by the increased osmolality of the tear
film and immune response on the ocular surfaces [3]. When tears lose their integrity or excessively
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evaporate, the tear film becomes thinner and unstable [4]. The weakened tear film results in damage
with increased inflammatory responses on ocular surfaces. The tear film is the primary defensive line
of the eye against foreign pathogens and abiotic factors, and it also maintains ocular homeostasis [5,6].

Furthermore, inflammation induced by an imbalance of ocular homeostasis triggers the recruitment
of pro-inflammatory immune cells. Consequently, the lacrimal unit remodels its structures and the
tear film properties [7–9]. Growing evidence suggests that DE-related ocular surface inflammation
is mediated by immune cells [10]. Infiltrating inflammatory cells from peripheral circulatory blood
were determined to secrete inflammatory cytokines such as interleukin (IL)-1, 6, 8, and 10 and tumor
necrosis factor (TNF)-α on ocular surfaces. These cytokines degrade the corneal epithelial barrier
and further induce apoptosis in the conjunctiva and lacrimal gland. Thus, an inflammatory response
impedes the integrity of the ocular surfaces and accelerates the progression of DE [11–13].

The endoplasmic reticulum (ER) is a cellular organelle located in the cytoplasm. The ER has
been known to metabolize proteins and lipids (biosynthesis, packaging, and secretion), and it stores
calcium ions, which play a role as a cellular signal regulator. ER stress occurs by protein misfolding,
including glycosylation or disulfide bond formation, protein overexpression, or mutations in protein
s [14]. Severe intracellular Ca2+ dysregulations can promote cell death through apoptosis [15]. ER stress
has received growing attention in many pathophysiological disorders, such as cardiovascular diseases,
neurodegenerative diseases, inflammatory bowel disease, and rheumatoid arthritis [16]. Recently,
it was suggested that ER stress is also related to DES [17].

Conventional therapeutic agents such as artificial tears, anti-inflammatory drugs, and corticosteroids
have been determined to help DE patients in mitigating uncomfortable ocular symptoms and improving
their clinical and pathological conditions for the short term [18–20]. However, this modality provides
only temporary symptomatic relief, and up to two-thirds of DES sufferers complain of persisting
symptoms despite such treatments [21]. Due to the limitations of medical treatment, a new therapeutic
approach for DES is needed. An alternative method that can be presented is improvement through
ingestion of functional food, which is a non-medical treatment method. Functional food derived from
natural products was reported to have low side effects and to be safe for long-term intake [22–24].
In particular, it has preventive effects such as prevention of recurrence by improving the physical
constitution during long-term ingestion [25]. In this study, Aster koraiensis extract (AKE) was selected
as a candidate material of functional food to improve DES symptoms. A. koraiensis, also known as
Korean starwort, is an herbaceous perennial plant of the Asteraceae family. Because A. koraiensis is
widely distributed in most regions of Korea [26], it has been used as traditional herbal medicine and
food item in the country [27,28]. A. koraiensis has been reported to inhibit diabetic inflammation [29,30]
and enhance wound healing on the skin and during bronchitis [31]. Moreover, chlorogenic acid and
3,5-di-O-caffeoylquinic acid, both isolated from A. koraiensis, have been used to relieve symptoms of
diabetic-related diseases [32,33].

In this study, we produced an extract to examine the improving effect of A. koraiensis, a medical
edible herb crop in Korea, on DE. The functionality of A. koraiensis extract was evaluated in an
animal model in which scopolamine-induced DE. To investigate the detailed mechanism of action,
we confirmed the possibility of improving DE in A. koraiensis via animal tissues and human retinal
pigmented epithelial (ARPE-19) cells. In this way, we try to prove the value that A. koraiensis can be
used as a functional food material.

2. Materials and Methods

2.1. Plant Material and Preparation of A. koraiensis Extracts

A. koraiensis was collected from Jeongseon-gun, Gangwon-do, Republic of Korea, in September
2016. The plant’s aerial parts, including the flowers and leaves, were thoroughly washed with water
to remove impurities and were further dried in the shade for 1 month. The medicinal plant mixture
was extracted from the dried plants with ethanol (EtOH) by maceration at room temperature for
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3 days. A. koraiensis ethanol extracts (AKE) were combined and concentrated by evaporation in a rotary
evaporator at 60–70 ◦C. The EtOH extracts were then freeze-dried.

2.2. Antioxidative Activities of AKE

The antioxidative capacity of AKE related to either electron or radical scavenging was scrutinized
with three different analytical methods and backgrounds; (1) A 1,1-diphenyl-2-picrylhydrazyl (DPPH),
(2) the ferric reducing antioxidant power (FRAP), and the Trolox equivalent antioxidant capacity (TEAC).
DPPH assay was performed to assess the stable DPPH radical generating capacity by AKE. FRAP assay
was tested to understand reducing activity from ferric to ferrous iron by AKE. TEAC assay was
intended to assess radical scavenging cation ABTS+ (2,2′-azinobis (3-ethylbenzothiazoline-6-sulfonic
acid) by radical quenching or electron donation. Each evaluation was performed through the following
experimental methods.

A 1,1-diphenyl-2-picrylhydrazyl (DPPH) assay was conducted as described by Serpen et al. [34]
and Thaipong [35], with slight modifications. Briefly, 0.1 mL of 200 M DPPH reagent (Sigma-Aldrich
Co., St. Louis, MO, USA) was added to 0.1 mL of each sample in 96-well plates. After incubation in the
dark for 30 min, the absorbance was measured at 520 nm using a microplate reader (Spectramax M2E;
Thermo Fisher Scientific, Waltham, MA, USA). Ascorbic acid (Sigma-Aldrich) as a DPPH-scavenging
compound was used as a standard. Assay results were expressed in mg ascorbic acid/g.

The ferric reducing antioxidant power (FRAP) was assessed via the method developed by Benzie
and Strain [36]; however, it had slight modifications. Briefly, acetic acid buffer (pH 3.6, 23 mM) was
made by dissolving sodium acetate (Sigma-Aldrich) in acetic acid (Sigma-Aldrich). A 10 mM solution
of 2,4,6-tripyridyl-s-triazine (TPTZ) was made by mixing 40 mM HCl (Sigma-Aldrich) and TPTZ
(Sigma-Aldrich). A total of 25 μL of the AKE extract was then added to the FRAP reagent (acetic
acid, 10 mM; TPTZ, 20 mM; FeCl3·6H2O = 10:1:1) and incubated in the dark at 37 ◦C for 15 min.
The absorbance was measured at 593 nm using a microplate reader. FeSO4 (Sigma-Aldrich) was
employed as a standard in this assay. Assay results were expressed in nM FeSO4/mL.

The Trolox equivalent antioxidant capacity (TEAC) was measured as described by Oki et al. [37]
and Re et al. [38], with minor modifications. Briefly, 200 μL of 2,2′-azino-bis (3-ethylbenzothiazoline
-6-sulfonic acid; ABTS) reagent (Sigma-Aldrich) was added to 10 μL of each sample in 96-well plates.
After a 60-min incubation in the dark, the absorbance was measured at 405 nm using a microplate
reader. The reaction rate was calibrated using Trolox equivalent (TE). Assay results were expressed in
g TE/mL.

2.3. Total Polyphenol and Flavonoid Contents of AKE

Total polyphenol content was measured using the method described by Alves et al. [39], with minor
modifications. Briefly, 10 μL of Folin–Denis reagent (Sigma-Aldrich) was added to 160 μL of each
sample in 96-well plates. After 8 min, 30 μL of sodium carbonate (Showa Chemical Industry, Tokyo,
Japan) was added to the mixture. After incubation in the dark for 2 h, the absorbance was measured at
765 nm using the Spectramax M2E microplate reader. Gallic acid (Sigma-Aldrich) was also used as the
standard curve to extrapolate gallic acid equivalent (GAE). Results were expressed in mg GAE/mL.

Total flavonoid content was analyzed using slight modifications of the methods previously
described by Pourmorad et al. [40] and Marinova et al. [41]. In brief, 400 μL of each sample was
mixed with 1200 μL of EtOH (Junsei Chemical Co., Tokyo, Japan) and 240 μL of distilled water.
Subsequently, 80 μL of 10% aluminum nitrate (Sigma-Aldrich) was added, followed by 80 μL of 1.0 M
potassium acetate (Sigma-Aldrich). The mixture was allowed to stand in the dark for 40 min, and the
absorbance was measured at 415 nm using the microplate reader. Quercetin (Sigma-Aldrich) was
used to construct the standard curve against quercetin equivalents (QE), and the assay results were
expressed in mg QE/mL.
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2.4. Animal Experiment and Induction of DE Model

All procedures received approval from the Institutional Animal Care and Use Committee (IACUC)
of Korea Institute of Science and Technology (KIST): KIST No. 2020-002, Gangneung Institute, and
they were performed according to the Association for Research in Vision and Ophthalmology (ARVO)
statement for the Use of Animals in Ophthalmic and Vision Research. Mice were accommodated in
the animal room with air conditioning, temperatures of 22 ± 2 ◦C, humidity of 50 ± 10%, and 12 h
light/12 h dark circadian cycles. Food and water were supplied ad libitum. Mice were acclimatized
for 1 week and were later assigned into five groups composed of seven male 6-week-old BALB/c
mice. Experimental DE in mice was achieved by twice-daily intraperitoneal (i.p.) injection of 200 μL
(2.5 mg/mL) of phosphate buffered saline (PBS)-diluted scopolamine (Sigma-Aldrich). Groups of mice
were orally administered with AKE once per day at concentrations of 0 (as vehicle control), 10, 50,
or 100 mg/kg in 200 μL EtOH. In the control group, only PBS buffer was injected without scopolamine.
In the case of AKE, 0 mg/kg in 200 μL EtOH was administered when orally administered as in the DE
group. After 2 weeks, tear production was quantified by a standard Schirmer’s test strip placed in the
lower one-third of the temporal eyelid before the eye was closed for 1 min. After the strip was removed,
the length of the wet point was measured in millimeters in order to determine the Schirmer’s test value.
For measurements of the tear breakup time (TBUT), 5 μL of sodium fluorescein was instilled into the
eye and photographed. Corneal surface staining was performed to assess the extent of corneal surface
changes. The corneal surface was observed and scored after the administration of one drop of 3%
fluorescein (Sigma-Aldrich, St. Louis, MO, USA) into the inferior lateral conjunctival sac. The staining
of the cornea was evaluated in a blinded manner. Mice are euthanized through cervical dislocation.
When removing the cornea, click the mouse’s eyelid and use forceps to cut out the eyeball’s optic nerve
that pops out and removes the cornea. After removing the crystalline lens inside the cornea, store in a
freezer at −80 ◦C. After pulling the mouse’s lower jaw with forceps for removal of the lacrimal gland,
cut off the epidermis of the pulled part so that the lower part of the mouse’s face can be seen. A lacrimal
gland located near the lower jaw of the mouse can be secured. The secured lacrimal gland tissue is
stored frozen at −80 ◦C.

2.5. Histology

The corneal epidermal tissue and lacrimal gland tissues were collected, fixed in 10% formaldehyde,
and processed for paraffin embedding and sectioning. Sections were stained with hematoxylin and
eosin (H & E) and examined a microscope (TE-2000U, Nikon, Tokyo, Japan) at X40. Central corneal
epithelial thickness was evaluated in 5 sections for each cornea.

2.6. Western Blot Analysis

Total protein lysate was extracted from the corneal epidermal tissue and lacrimal glands of
each mouse group and from APRE-19 cells after washing with ice-cold PBS (Invitrogen, Carlsbad,
CA, USA) three times. Radioimmune precipitation assay (RIPA) buffer (Pierce, Rockford, IL, USA)
was applied to the samples with protease inhibitors (Cell Signaling Technology, Danvers, MA, USA)
and phosphatase inhibitor (PMSF, Thermo Fisher Scientific, Waltham, MA, USA) at 4 ◦C. After lysis,
the supernatant was collected after centrifugation at 12,000× g for 15 min at 4 ◦C. Protein lysates
were loaded and separated using SDS-PAGE gels (Bio-RAD, Hercules, CA, USA) and transferred
to polyvinylidene difluoride (PVDF) membranes (Bio-RAD) using a wet-transfer method at 4 ◦C.
Membranes were blocked with 5% non-fat milk in tris-buffered saline and Tween-20 (TBS-T) for 1 h to
prevent nonspecific binding. Blots were incubated with primary and secondary antibodies at room
temperature, developed with chemiluminescence reagent (Pierce), and detected and analyzed using
LAS-4000 (General Electric Image Quant LAS 4000 Biomolecular Imager; GE Healthcare, Chicago, IL,
USA) in grayscale. Experimental protein band intensity on blots was normalized to the intensity of
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glyceraldehyde 3-phosphate dehydrogenase (GAPDH), which did not vary significantly by treatment.
Primary and secondary antibodies are summarized in Table 1.

Table 1. Antibodies for western blot analysis.

Antibody Dilution Factor Corporation

Primary antibody

phospho-p65 1:1000 Cell signaling
p65 1:1000 Cell signaling

phospho-ERK 1:1000 Cell signaling
ERK 1:1000 Santa Cruz

phospho-JNK 1:1000 Cell signaling
JNK 1:1000 Santa Cruz

phospho-p38 1:1000 Cell signaling
p38 1:1000 Santa Cruz

phospho-AMPK 1:1000 Cell signaling
AMPK 1:1000 Santa Cruz

phospho-IκB 1:1000 Cell signaling
IκB 1:1000 Santa Cruz

COX-1 1:1000 Cell signaling
COX-2 1:1000 Cell signaling

GAPDH 1:2000 Cell signaling

Secondary antibody Goat anti-mouse-HRP 1:2000 Santa Cruz
Goat anti-rabbit-HRP 1:5000 Thermo scientific

ERK, extracellular signal regulated kinase; JNK, c-Jun N-terminal kinase; AMPK, 5’ adenosine monophosphate
-activated protein kinase; IκB, inhibitor of nuclear factor kappa B; COX-1, cyclooxygenase-1; COX-2, cyclooxygenase-2;
GAPDH, glyceraldehyde 3-phosphate dehydrogenase; HRP, horseradish peroxidase.

2.7. Real-Time PCR (RT-qPCR)

Total RNA was isolated from corneal epidermal tissue, lacrimal glands, and ARPE-19 cells with
the RNase mini kit (Qiagen, Valencia, CA, USA). Genomic DNA was removed by digestion with DNase
I (Qiagen). Reverse transcription was performed using 1 μg of mRNA per sample with the RevertAid
First Strand cDNA Synthesis Kit (Thermo Fisher Scientific, Waltham, MA, USA). Gene expression
was assessed with a SYBR Green PCR mixture with gene-specific oligonucleotide primers using an
AB 7500 real-time PCR machine (Thermo Fisher Scientific, Waltham, MA, USA). Primer sequences
and parameters are described in Table 2. The expression of the target genes was normalized to the
expression of β-Actin and glyceraldehyde 3-phosphate dehydrogenase (GAPDH), which was not
significantly altered by treatments.

Table 2. RT-qPCR primer sequences (5′ to 3′).

Transcript Forward Primer Reverse Primer
Annealing Temp.

(◦C)

IL-1β TCATTGTGGCTGTGGAGAAG GGTGTGCCGTCTTTCATTAC 53.8
TNF-α CTCAGATCATCTTCTCAA CAGAGCAATGACTCCAAA 55.1
TGF-β GAAAGCCCTGTATTCCGTCTCCTT CAACAATTCCTGGCGTTACCTTGG 53.8
IFN-γ AGCGGCTGACTGAACTCAGATTGTA GTCACAGTTTTCAGCTGTATAGGG 61.2
IL-6 TTCCCTACTTCACAAGTC GGTTTGCCGAGTAGATCT 52.9
IL-23 CAAGCAGAACTGGCTGTTGTC GCACCAGCGGGACATATGAA 60.2

MMP-9 CACAACCGACGACGACGAGTTGTG CTGTGGTGAGGCCGAATAG 65.0
β-Actin TTGTTACCAACTGGGACGACATGG GATCTTGATCTTCATGGTGCTAGG 59.2
GAPDH ATGGTGAAGGTCGGTGTG ACCAGTGGATGCAGGGAT- 58.0

IL-1β, interleukin 1 beta; TNF-α, Tumor necrosis factor alpha; TGF-β, Transforming growth factor beta; IFN-γ,
Interferon gamma; IL-6, interleukin 6; IL-23, interleukin 23; MMP-9, Matrix metallopeptidase 9.
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2.8. ARPE-19 Cell Culture

Human retinal epithelial ARPE-19 cells (American Type Culture Collection, ATCC) were cultured
in DMEM/F-12 media (Gibco, Carlsbad, CA, USA) containing 10% FBS (HyClone Laboratories,
Logan, UT, USA) and 1% penicillin/streptomycin (HyClone Laboratories). To induce an inflammatory
and endoplasmic response in ARPE-19 cells, 2 × 105 cells per well were cultured in 6 well plates.
After culturing for 24 h, 200 μL media solution with 10 μg/mL of TNF-α or 5 μmol/L thapsigargin (Tg)
was applied to the cells in the presence or absence of AKE (0, 0.1, 1, and 10 μg/mL) for 12 h. In the
Control group case, the experiment was conducted with doubles without any inflammation-inducing
factors or AKE.

2.9. Intracellular Calcium Release

Intracellular calcium [Ca2+]i level was measured using a Fluo-4 NW calcium assay kit (F36206;
Thermo Fisher Scientific, Waltham, MA, USA), according to the manufacturer’s protocol. Briefly,
1 × 105 ARPE-19 cells per well were cultured in 96 well plates for 24 h, and ER stress was induced by
the treatment with Tg and AKE (0, 0.1, 1, and 10 μg/mL) for 12 h. Cells were then incubated with
a cell-permeable calcium indicator (Flow 4 A) for 1 hr before treatment of Tg (final concentration,
5 μmol/L). The [Ca2+]i levels were accessed by measuring the fluorescent intensity using a microplate
spectrophotometer (Bio-Tek Power Wave XS, Winooski, VT, USA). Image software (Bio-Tek software,
Gen5) was applied for the subsequent quantitative analysis.

2.10. VEGF-α Secretion

1 × 105 ARPE-19 cells per well were cultured in 96 well plates for 24 h. In order to measure
the vascular endothelial growth factor (VEGF)-α secretion, Tg with AKE (0, 0.1, 1, or 10 μg/mL)
were dissolved in the medium and treated with 100 μL each, incubated for 24 h, and then doubled
and collected. VEGF-α protein secretion in the media was quantified using a commercial ELISA kit
(BMS277-2; Invitrogen) as per the manufacturer’s instructions using a microplate spectrophotometer
(Bio-Tek Power Wave XS, Winooski, VT, USA).

2.11. Statistical Analysis

Results are presented as means ± standard deviation (SD). Data were analyzed statistically using
one-way ANOVA with Tukey’s post hoc analysis. For [Ca2+]i determination, two-way ANOVA with
Tukey’s post hoc test was used. Data were analyzed using a two-factor ANOVA test. If analytical results
showed significant time X treatment interactions (p < 0.05), Tukey’s post hoc multiple comparisons
test was applied. p < 0.05 was defined as statistically significant and was further indicated by a
filled asterisk or number sign. All statistical analyses were performed using the GraphPad Prism 8
(San Diego, CA, USA).

3. Results

3.1. Antioxidative Effects and Polyphenol and Flavonoid Contents of AKE

Plants that are rich in secondary metabolites, including phenolics and flavonoids, have
been identified to possess antioxidant properties afforded by their chemical structures and redox
potentials [42]. As antioxidant activity is multifactorial and associated with several mechanisms [43],
we performed three complementary tests to measure the antioxidant activity of AKE’s DPPH radical
scavenging activity, ferric reducing antioxidant power (FRAP), and Trolox equivalent antioxidant
capacity (TEAC). The AKE was prepared at different concentrations: 0.1, 0.5, 1, 5, and 10 mg/mL.
As shown in Table 3, the DPPH radical scavenging activity of AKE at concentrations of 10, 5,
and 1 mg/mL was determined to be significantly higher than at concentrations of 0.5 and 0.1 mg/mL
(10 � 5 � 1 mg/mL > 0.5 � 0.1 mg/mL). FRAP and TEAC were increased as the concentration of AKE
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increased in a dose-dependent manner. The total polyphenol content increased dose-dependently as
the concentration of AKE increased (Table 4). The total flavonoid content increased as the concentration
increased in the following order: 10 mg/mL > 5 mg/mL > 1 � 0.5 � 0.1 mg/mL). Thus, the amount of
polyphenol and flavonoid is correlated with the antioxidant capacities. Moreover, the antioxidant
activity is associated with a high concentration of extracts.

Table 3. DPPH radical scavenging activity, FRAP, and TEAC of A. koraiensis ethanol extracts (AKE).

0.1 mg/mL 0.5 mg/mL 1 mg/mL 5 mg/mL 10 mg/mL

DPPH radical
scavenging activity
(mg ascorbic acid/g)

30.8 ± 2.55 b 80.0 ± 3.05 b 112.7 ± 3.02 a 117.8 ± 0.58 a 118.4 ± 0.55 a

FRAP
(nM FeSO4/mL) 0.2 ± 0.01 e 1.0 ± 0.02 d 2.0 ± 0.10 c 7.8 ± 0.41 b 9.7 ± 0.07 a

TEAC
(g TE/mL) 0.2 ± 0.01 e 0.4 ± 0.02 d 0.9 ± 0.10 c 2.7 ± 0.77 b 2.9 ± 0.01 a

AKE, A. koraiensis ethanol extracts; DPPH, 2,2-diphenyl-1-picrylhydrazyl; FRAP, ferric reducing antioxidant power;
TEAC, Trolox equivalent antioxidant capacity; TE, Trolox equivalent. Values are means ± SD, n = 4. Data were
analyzed by one-way ANOVA analysis followed by Tukey’s posthoc test. Means labeled without a common letter
differ, p < 0.001 (DPPH radical scavenging activity) and p < 0.01 (FRAP and TEAC).

Table 4. Total polyphenol and flavonoid contents of A. koraiensis ethanol extracts (AKE).

0.1 mg/mL 0.5 mg/mL 1 mg/mL 5 mg/mL 10 mg/mL

Total polyphenol content
(mg GAE/mL) 0.2 ± 0.00 e 0.6 ± 0.01 d 0.9 ± 0.01 c 1.2 ± 0.01 b 2.6 ± 0.03 a

Total flavonoids content
(mg QE/mL) 2.2 ± 0.58 c 5.8 ± 1.37 c 15.5 ± 0.61 c 32.7 ± 1.51 b 336.9 ± 11.06 a

AKE, A. koraiensis ethanol extracts; GAE, 2 gallic acid equivalent; QE, quercetin equivalents; Values are means ± SD,
n = 4. Data were analyzed by one-way ANOVA analysis followed by Tukey’s post hoc test. Means labeled without
a common letter differ, p < 0.01 (polyphenol and flavonoid).

3.2. Effects of Aster koraiensis Ethanol Extracts on Eye Damage and Tear Production

In the scopolamine-induced mouse model of DE, scopolamine was observed to trigger the breakup
of tear film, decrease tear production, irritate the lacrimal gland, and shrink the corneal epithelial
cells [5]. To identify the effect of the AKE on DE, we administered AKE (0, 10, 50, or 100 mg/kg) orally
once per day for 14 days to groups of mice with experimental DE. Eyes were stained with fluorescein
in order to observe eye injury quantitatively. Under blue light, a green dot indicated the level of cornea
damage (Figure 1A, black arrows). Quantitative analysis showed that AKE moderately ameliorated
corneal damage in the DE mice in a dose-dependent manner (Figure 1B). The typical symptoms of DE
include the quick dissipation of the tear film and a reduced amount of tear production [44]. To examine
the mechanism by which AKE treatment inhibits corneal damage, tear breakup time (TBUT) and tear
volume were observed. In DE mice, TBUT was reduced significantly, and AKE treatment at 100 mg/kg
presented a reverse TBUT (Figure 1C). Additionally, the average volume of tear secretion was quantified
using Schirmer’s test. AKE treatment moderately enhanced tear production in a dose-dependent
manner (Figure 1D). Taken together, these data show that AKE inhibited scopolamine-inducible corneal
damage with increases in tear production and tear film stability.
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Figure 1. Effects of A. koraiensis ethanol extracts (AKE) on eye damage and tear production. Dry eye
(DE) was reportedly induced by scopolamine injection, and AKE was administered at 0 (control;
CON which was not induced by scopolamine injection, DE), 10 (AKE 10), 50 (AKE 50), or 100 mg/kg
(AKE 100). (A) Representative images of corneal fluorescein staining. Black arrow indicates ocular
damage spots of corneal fluorescein staining. (B) Quantitative analysis of images in A. (C) Tear breakup
time (TBUT) was measured in seconds and analyzed. (D) Tear volume was measured using Schirmer’s
test. In the graph, each bar represents mean ± SD of n = 7 mice per group. # p < 0.05, ### p < 0.001
versus CON; * p < 0.05, ** p < 0.01, *** p < 0.001 versus DE. Data were analyzed statistically using
one-way ANOVA followed by Tukey’s post hoc test.

3.3. Histological Alterations of the Corneal Epithelial and Lacrimal Glands Following AKE Treatment in the DE
Mouse Model

When DE symptoms develop, the corneal epithelial tissue thins to a delicate slim stratum [45].
In order to evaluate the effect of AKE on corneal epithelium from DE mice, we measured the thickness
of corneal epithelial cells by histology. In Figure 2A, the dark pink area represents the corneal epithelial
layer. This was significantly reduced in the DE group compared with the control (CON) group.
AKE treatment inhibited the thinning of the corneal epithelial layer at doses of 50 and 100 mg/kg
(Figure 2A,B).

Damage to the lacrimal glands is another general symptom of DE [46,47]. Lacrimal gland
histopathology during AKE treatment of DE mice revealed a decrease in the number of infiltrating
immune cells in the tissue, compared with the DE mice without AKE treatment (Figure 3C). Additionally,
gaps in the glands were narrowed by the administration of AKE (Figure 3C). These results suggest that
AKE is beneficial to corneal epithelial cells and lacrimal glands weakened during DE. Because these
immune infiltrates are found to be common during DE, we next elucidated immune regulation by
AKE treatment in experimental DE.
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Figure 2. Effects of A. koraiensis ethanol extracts (AKE) on the corneal epithelial thickness and
inflammatory cytokine expression. Dry eye (DE) was reportedly induced by scopolamine injection,
and AKE was administered at 0 (control; CON which was not induced by scopolamine injection, DE),
10 (AKE 10), 50 (AKE 50), or 100 mg/kg (AKE 100). (A) Representative H and E staining images
of histological sections of corneas. (B) Quantitative analysis of A. (C) Expression of inflammatory
cytokines was accessed by real-time PCR (RT-qPCR) for each target gene (IL-1β, TNF-α, IFN-γ,
and MMP-9). β-actin was used as an internal control. Each bar represents the mean ± SD of n = 7 mice
per group. ## p < 0.01, ### p < 0.001 versus CON; ** p < 0.01, *** p < 0.001 versus DE. Data were analyzed
statistically using one-way ANOVA followed by Tukey’s post hoc test. IL-1β, interleukin 1 beta; TNF-α,
Tumor necrosis factor alpha; IFN-γ, Interferon gamma; MMP-9, Matrix metallopeptidase 9.
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Figure 3. Cont.
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Figure 3. Effects of A. koraiensis ethanol extracts (AKE) on the inflammatory response and gap between
tissues in the lacrimal gland. Dry eye (DE) was reportedly induced by scopolamine injection, and AKE
was administered at 0 (control; CON which was not induced by scopolamine injection, DE), 10 (AKE 10),
50 (AKE 50), or 100 mg/kg (AKE 100). (A) Expression of inflammatory cytokines was accessed using
RT-qPCR for each target gene (IL-1β, TNF-α, IFN-γ, and Transforming growth factor beta (TGF-β)).
β-Actin was used as an internal control. (B) Inflammatory proteins were analyzed by western blot (WB).
(Upper panels) Representative figures of WB for phosphorylated inhibitor of nuclear factor kappa B
(IkB) and total IkB, phosphorylated nuclear factor kappa B (NF-κB), and total NF-kB were targeted.
Quantitative analysis revealed the ratio of phosphorylated protein/total protein. (Lower panels) The
representative figures and their analyses of WB for cyclooxygenase (COX)-1 and COX-2. GAPDH was
used for the loading control. (C) Representative H & E-stained histological sections of lacrimal glands.
The white area in the image shows the gaps between tissues in the lacrimal gland. Each bar represents
the mean ± SD of n = 7 mice per group. # p < 0.05, ### p < 0.001 versus CON; * p < 0.05, *** p < 0.001
versus DE. Data were analyzed statistically using one-way ANOVA followed by Tukey’s post hoc test.

3.4. AKE Suppressed Immune Responses in the Corneal Epithelium and Lacrimal Glands of DE Model Mice

Inflammatory responses are closely related to the integrity of the ocular surfaces and structure
of ocular units [7,13]. To investigate the role of an immune response during the pathology of
DE, the relative mRNA expression levels of pro-inflammatory cytokines (interleukin 1 beta (IL-1β),
Tumor necrosis factor alpha (TNF-α), Interferon gamma (IFN-γ), and Matrix metallopeptidase 9
(MMP-9)) were assessed in the corneal tissue and lacrimal gland from DE mice. All pro-inflammatory
cytokines were found to be upregulated in the DE mice compared with the control mouse group. In the
corneal tissues, AKE treatment inhibited the expression of each of these genes. In particular, IFN-γ and
MMP-9 were remarkably attenuated, even at a low dose (10 mg/kg) of AKE (Figure 2C, Figure 3A).
In lacrimal glands, AKE suppressed the expression of inflammatory cytokines IL-1β, TNF-α, IFN-γ,
and TGF-β (Figure 3A). Especially, when 50 mg/kg of AKE was administered, cytokine expression did
not decrease in proportion to the concentration in lacrimal gland tissues. However, AKE treatment
experiment groups were found to reduce compared to the DE group that induced DE. Taken together,
these data suggest that AKE treatment protected the eyes of the DE mice via effective anti-inflammatory
activity in the corneal epithelium and lacrimal glands.

3.5. AKE Inhibited Inflammatory Response in Lacrimal Gland

To examine the molecular signaling pathway to be regulated by pro-inflammatory cytokines,
the IκB/nuclear factor kappa B (NF-κB) axis, one of the main inflammations signaling pathways,
was studied using western blot analysis of lacrimal gland tissue. Inactive NF-κB was observed to
locate in the cytosol, bound with its inhibitor IκB. Phosphorylation of IκB by IκB kinases (IKKs) results
in the degradation of IκB. Subsequently, NF-κB translocates to the nucleus, where it regulates gene
expression concerning inflammation [48]. Optimal induction of the NF-κB target genes also requires the
phosphorylation of NF-κB proteins, such as p65 [49]. AKE treatment has suppressed phosphorylation
of IκB-α, implying a decrease in immune reaction. NF-κB has also showed a similar trend to that of
IκB-α, but no significant difference between the control group and the DE group (Figure 3B). The target
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genes of the IκB/NF-κB axis increased in DE mice and were inhibited by AKE treatment (Figure 3B).
Therefore, the immune response in lacrimal glands was markedly attenuated by AKE consumption.

3.6. AKE Inhibited Inflammatory Reaction and ER Stress on ARPE-19 Cells

Ocular inflammation has been known to occur not only on the corneal surface and lacrimal gland
area in DE, but it also causes retinal damage. Two well-studied retinal damage-induced diseases
are uveitis and diabetic retinopathy (DR) [50,51]. Thus, we observed the effect of AKE on a retinal
damage model. The ARPE-19 cell line is a widely used cell line for eye study, while TNF-α is a
pro-inflammatory cytokine that induces inflammation in ARPE-19 cells [52]. Treatment with AKE
prevented TNF-α-inducible inflammation in ARPE-19 cells with attenuation of TNF-α, IL-1β, IL-6,
IL-8, and MMP-9 mRNA expression (Figure 4A). In addition, post-translational modification by
phosphorylation of mitogen-activated protein kinase (MAPK) was examined, which is a key pathway
signal transduction in inflammation. Phosphorylation of p-38 and p-ERK proteins was markedly
attenuated in AKE-treated ARPE-19 cells (Figure 4B, Figure S1). By contrast, retinopathy is closely
related to increased ocular ER stress activated in the retina and retinal endothelial cells under diabetic
and hypoxic conditions [53,54].

Given the potent anti-inflammatory properties of AKE, we asked whether AKE would be effective
in preventing other ocular stresses, such as oxidative stress or ER stress. To address this question,
we induced ER stress in ARPE-19 cells by treatment with Tg (5 μmol/L) in the presence or absence
of AKE. VEGF-α has been identified as a proangiogenic factor involved in the pathophysiology of
some ocular diseases with neovascularization [55]. The level of VEGF-α is a general marker of eye
disease. At a 10 μg/mL dose, AKE significantly decreased Tg-inducible VEGF-α secretion into the
media (Figure 4C). Loss of cellular homeostasis and disruption of Ca2+ signaling can lead to the
activation of ER stress responses in both the reticular network and cytoplasmic compartments [56].
Tg treatment has remarkably increased [Ca2+]i in ARPE-19 cells, implying that ER stress has also
increased. AKE treatment decreased [Ca2+]i release from ARPE-19 cells compared with the Tg
group, suggesting that AKE may prevent Tg-induced ocular ER stress in ARPE-19 cells (Figure 4D).
Taken together, AKE can attenuate inflammatory responses and Tg-inducible ER stress in human
retinal epithelial cells.

Figure 4. Cont.
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Figure 4. Effects of A. koraiensis ethanol extracts (AKE) on ER stress and the inflammatory
response in animal model and human retinal pigmented epithelial (ARPE-19) cells. TNF-α-inducible
pro-inflammatory gene expression in AKE-treated ARPE-19 cells. To induce an inflammatory reaction,
phosphate buffered saline (PBS) or 10 μg/mL of TNF- α was treated, and AKE was treated in a
dose-dependent manner (0, 0.1, 1, and 10 mg/mL). (A) Inflammatory cytokines were measured by
qRT-PCR in order to validate the expression of each target gene (TNF-a, IL-1b, IL-6, IL-8, and MMP-9).
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as an internal control. (B) The
intracellular inflammatory signaling (MAPK) was analyzed using western blot (WB) with specific
antibodies such as phospho-c-Jun N-terminal kinase (p-JNK), JNK, p-P38, P38, phospho-extracellular
signal regulated kinase (p-ERK), and ERK. GAPDH was used for loading control. (C and D) endoplasmic
reticulum (ER) stress was induced in ARPE-19 cells by thapsigargin (Tg), and AKE was treated with 0
(control; CON), 0.1 μg/mL (AKE 0.1), 1 μg/mL treatment (AKE 1), and 10 μg/mL treatment (AKE 10).
(C) Tg-induced VEGF-α expression was measured using ELISA. (D) Tg-induced calcium ion efflux
measurement using fluorescence. Data from three independent experiments have been presented as
bar graphs showing mean ± SD. ### p < 0.001 versus CON; * p < 0.05, ** p < 0.01, *** p < 0.001 versus
DE. Data were analyzed statistically using one-way ANOVA, followed by Tukey’s test. For [Ca2+]i

determination, two-way ANOVA with repeated measures was used, followed by Tukey’s hoc test. A,
TC, D) Negative control to DE.

4. Discussion

Dry eye syndrome (DES) has been defined as a chronic eye disease associated with aging,
hormonal changes, inflammation, and autoimmune diseases [57]. The eyes of a patient with DE contain
upregulation of inflammatory cytokines, such as IL-8, IL-6, IL-1β, TGF-β, and TNF-α, and infiltration of
immune cells [58]. Therefore, the inhibition of an inflammatory reaction is one of the clinical strategies
in treating DE [59]. Multiple inflammation-suppressive therapeutic agents, including cyclosporine
A (immunosuppressive agent), corticosteroids (steroid), and tetracycline (anti-inflammatory drug),
have been widely used in clinical practice to treat patients with DES. However, these agents only
partly attenuate clinical symptoms; not all agents relieve the complete burden of DE symptoms. Thus,
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natural sources have been considered that produce fewer adverse side effects and promote easy usage
of agents [60,61], and would be an alternative material for the treatment of DE symptoms.

A. koraiensis has been traditionally used as a treatment for diabetes and inflammatory-related
diseases in Korea. A previous study has reported that A. koraiensis plays a vital role in retinal
angiogenesis and oxidative stress-inducible retinopathy [33]. Inflammation-induced by ocular
surface stress can lead to an immune response in order to generate additional damage and amplify
inflammation [62]. In this study, we investigated whether AKE reduces ocular inflammation and ER
stress. Our results demonstrated that oral administration of AKE to DE mice reversed the symptoms
as it increased TBUT and improved tear production from lacrimal glands. Moreover, AKE treatment
modestly augmented histological remodeling in the corneal epithelium and lacrimal glands from DE
mice to a level similar to that of the control group. Atrophy of the lacrimal gland and loss of acinar
cells leads to an osmotic imbalance in the tear film and propels the infiltration of inflammatory cells
and expression of inflammatory cytokines, such as IL-1β, TNF-α, IFN-γ, and MMP-9, on the ocular
surface and lacrimal glands [63–65]. The activation of NF-κB signaling was reported to stimulate
inflammatory chemokines and cytokines, including IL-1β, IL-6, TNF-α, C-X-C motif chemokine 5
(CXCL5), C-X-C motif chemokine 8 (CXCL8), and monocyte chemoattractant protein 1 (MCP1) [66,67].
Additionally, IL-1β also activates COX-1 and COX-2, which are responsible for the synthesis of
prostaglandins and contribute to the regulation of the inflammatory response [68].

Treatment with AKE (50 mg/kg) has restored tear production and acinar cells in the lacrimal gland
of mice with experimental DE. Moreover, AKE significantly inhibited ocular inflammation in these
mice through the downregulation of inflammatory mediators such as IL-1β, TNF-α, IFN-γ, and TGF-β
at the transcriptional level in corneal tissue and lacrimal glands. It also suppressed the phosphorylation
of i nhibitory κBa (IκBa) at a translational level. However, other inflammatory proteins, NF-κB, COX-1,
and COX-2, did not alter dramatically, although AKE was effective in mitigating scopolamine-inducible
DE in vivo. These findings suggest that AKE partially suppresses ocular inflammation and may
affect other ocular stresses, such as oxidative and ER stress. Among the functional fractions of AKE,
chlorogenic acids (CGAs) and 3,5-O-dicaffeoylquinic acids were identified to possess anti-inflammatory
effects [69,70]. The anti-inflammatory response of AKE may rely on these functional chemicals.
However, additional studies with specific functional components from the fractionated AKE should be
performed to elucidate the active components of AKE.

Chronic ocular inflammation in DE also causes retinal damage. In a TNF-α-induced retinal
inflammation (RI) model, AKE attenuated IL-1β, TNF-α, IL-6, IL-8, and MMP-9 in a dose-dependent
manner. Along with NF-κB, the MAPK pathway plays a crucial role in inflammation, infiltration of
innate immune cells, antigen presentation, and upregulation of inflammatory molecules [71,72].
Activation of the MAPK pathway was markedly attenuated in AKE-treated ARPE-19 cells. Together,
these data suggest that AKE may reduce local inflammation in ocular tissues by suppressing
the activation of inflammatory cytokines and the MAPK pathway. RI has been determined as a
prominent signature in the pathogenesis of age-related macular degeneration, DR, and uveitis [73].
The anti-inflammatory effects of AKE need further investigation to reduce the burden of RI as well
as DE.

ER stress is another primary intracellular event with chronic local inflammation [74]. In DR and
retinal degeneration, increased ocular neovascularization and apoptosis were observed along with
elevation of ER stress [75,76]. In the present study, AKE treatment was also determined to affect
the inhibition of ER stress-related cellular pathologies. Additionally, we demonstrated that AKE
has sufficient potency to inhibit the expression of VEGF-α and increase [Ca2+]i levels in a model
stress-triggered system. Previously, it was reported that VEGF-α and corneal lymphangiogenesis
are increased in the DE mouse model [77]. Type 2 diabetes mellitus often triggers patients to have
ophthalmic complications, including corneal abnormalities, glaucoma, iris neovascularization, cataracts,
and neuropathies [78]. DR is the most common medical complication of these ophthalmic complications
as it damages the blood vessels in the retina [79]. Indeed, DR is associated with increased intraocular
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levels of VEGF-α [78]. However, Shin et al. [80] reported that general nutrients and antioxidant
bioactive materials such as polyphenolic substances in A. koraiensis possessed radical scavenging
activity and reducing power. The current report promotes the study of the antioxidant ability by
AKE as one of the underlying mechanisms to inhibit DE. As summarized in Tables 3 and 4, a high
concentration of AKE was associated with greater antioxidative activities. A study investigating the
protective effects of muscadine grape polyphenols (MGPs) demonstrated that the major polyphenols
(quercetin, ellagic acid, myricetin, and kaempferol) in MGPs effectively attenuated ocular inflammation
and ER stress [81]. In the present study, we demonstrated that AKE mitigated symptoms of DE,
including corneal epithelium thinning, lacrimal gland tissue gap formation, and tear production decline.
The underlying mechanism is that AKE treatment inhibited inflammatory responses to attenuate the
activation of IκB. Moreover, AKE treatment ameliorated retinal inflammation and ER stress.

5. Conclusions

In conclusion, the oral administration of AKE could be an effective treatment for DES or
inflammation caused by ocular disorders. Especially, substances derived from natural products are in
the limelight as raw materials for functional foods in that they can be easily processed as raw materials
for food, and their safety is generally guaranteed. Therefore, if it is used as a functional material that
anyone can easily accept and as a material for health foods for improving eye health, it can be judged
that it is beneficial for reducing inflammation and alleviating DE. However, before it can be used as
an actual food ingredient, evaluating its health effects in a human test, such as repetition and genetic
toxicity, is required. If we do more of these studies, we can expect that they can be used as a convenient
natural resource to improve DES.
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Abstract: Oleoylethanolamide (OEA) is a naturally occurring bioactive lipid belonging to the family
of N-acylethanolamides. A variety of beneficial effects have been attributed to OEA, although the
greater interest is due to its potential role in the treatment of obesity, fatty liver, and eating-related
disorders. To better clarify the mechanism of the antiadipogenic effect of OEA in the liver, using a
lipidomic study performed by 1H-NMR, LC-MS/MS and thin-layer chromatography analyses we
evaluated the whole lipid composition of rat liver, following a two-week daily treatment of OEA
(10 mg kg−1 i.p.). We found that OEA induced a significant reduction in hepatic triacylglycerol (TAG)
content and significant changes in sphingolipid composition and ceramidase activity. We associated
the antiadipogenic effect of OEA to decreased activity and expression of key enzymes involved in
fatty acid and TAG syntheses, such as acetyl-CoA carboxylase, fatty acid synthase, diacylglycerol
acyltransferase, and stearoyl-CoA desaturase 1. Moreover, we found that both SREBP-1 and PPARγ
protein expression were significantly reduced in the liver of OEA-treated rats. Our findings add
significant and important insights into the molecular mechanism of OEA on hepatic adipogenesis,
and suggest a possible link between the OEA-induced changes in sphingolipid metabolism and
suppression of hepatic TAG level.

Keywords: lipid metabolism; oleoylethanolamide; peroxisome proliferator-activated receptorγ;
NMR spectroscopy; sphingolipids

1. Introduction

Oleoylethanolamide (OEA) is a naturally occurring bioactive lipid belonging to the
family of N-acylethanolamides that has received great attention in the last two decades for
its biological properties [1,2].

Diet-derived oleic acid promotes OEA formation in the small intestine of differ-
ent species including rats and mice [3–5]; the membrane protein CD36, a multiligand
class B scavenger receptor located on cell surface lipid rafts, plays a pivotal role in OEA
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biosynthesis by acting as a biosensor for food-derived oleic acid and facilitating OEA
mobilization [6,7].

A variety of effects are attributed to exogenous administered OEA spanning in
different domains, from neuroprotection [8–10] to memory [11], from inflammation to
mood disorders [12–14], from the regulation of satiety to glucose homeostasis and lipid
metabolism [8,9].

The majority of OEA’s biological functions explains its potential interest as a pharmaco-
logical target for the treatment of obesity and eating-related disorders [1,15,16]. Therefore,
as a drug, OEA reduces food intake and body weight gain [3,17,18] in both lean and
obese rodents. These effects are primarily related to the activation of the peroxisome
proliferator-activated receptor-α (PPAR-α) [3–7], for which OEA shows high affinity.

PPARα regulates several aspects of lipid metabolism [19], and in keeping with this,
it was demonstrated that OEA, by recruiting PPARα, reduces serum cholesterol and
triacylglycerol (TAG) levels and has beneficial effects on the high-fat diet-induced non-
alcoholic fatty liver disease (NAFLD) in rats, by stimulating fatty acid β-oxidation, and by
inhibiting lipogenesis [20].

OEA can influence sphingolipid metabolism in mice [21]. Indeed, OEA increases ce-
ramide levels in cell cultures, via inhibition of ceramidase [22–24], an enzyme that catalyzes
the degradation of ceramide to sphingosine and fatty acids. Ceramide and ceramide-
derived sphingolipids are structural components of membranes and have been linked to
insulin resistance, oxidative stress, inflammation [7–9] and then to hepatic steatosis.

It was reported that ceramide can influence TAG homeostasis, and hepatic steatosis
throughout PPARγ [19], a member of a nuclear hormone superfamily.

Aberrant hepatic PPARγ expression can stimulate hepatic lipogenesis [25] and induce
steatosis in mice hepatocytes [26,27], by up-regulating proteins involved in lipid uptake,
and TAG storage such as CD36, monoacylglycerol O-acyltransferase 1, and stearoyl-CoA
desaturase 1 (SCD1) [25,28].

PPARγ and CD36 mRNA expression are up-regulated in high-fat diet-induced liver
steatosis in mice [29]. CD36 expression has been associated with insulin resistance in
humans with type 2 diabetes [30,31] and increased hepatic Cd36 gene expression was
reported to increase fatty uptake, TAG accumulation [32,33] and fatty liver [32].

To clarify the mechanism of the antilipogenic effect of OEA in the liver, by using
different approaches, such as 1H-NMR, LC-MS/MS and thin-layer chromatography (TLC),
we performed a lipidomic analysis of the whole hepatic lipid composition. We found
that OEA induced a significant decrease in ceramidase activity and profoundly impacted
hepatic lipid composition by significantly increasing sphingomyelin, 24:0ceramide, dihy-
droceramide, and sphingosine with a concomitant significant decrease in glucosylceramide
level. Moreover, a significant decrease in TAG level was also measured. We found that
the antilipogenic effect of OEA was associated with a decreased activity and expression
of the key enzymes involved in fatty acid and TAG syntheses, such as acetyl-CoA car-
boxylase (ACC), fatty acid synthase (FAS), diacylglycerol acyltransferase (DGAT), and
SCD1. Moreover, we found that PPARγ and SREBP-1 protein expression was significantly
reduced in the liver of OEA-treated rats. A possible link between OEA-induced alterations
in sphingolipid metabolism and PPARγ-mediated suppression of enzymes involved in
TAG synthesis was proposed.

2. Materials and Methods

2.1. Animals, Diet and Chronic Treatments

Adult male Wistar-Han rats (250–300 g at the beginning of the study) were housed in
single cages under controlled conditions of temperature and humidity (T = 22 ± 2 ◦C; 60%
of relative humidity) and were kept on a 12 h light/dark cycle. Rats were fed for 11 weeks
with a rodent diet (D12450B, Research Diets Inc., New Brunswick, NJ, USA) containing
3.82 kcal/g, which were distributed among carbohydrates, proteins, and fats according
to the following percentages: 70%, 20%, and 10%. The rats were accustomed to handling
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and injections for 7 days before the beginning of the experiments. Rats, matched for body
weight, were randomly divided into two different groups (12 rats per group) and housed
individually in metal cages (30 × 30 × 30 cm). One group was treated with vehicle (VEH)
and the other with OEA for 2 weeks. Both groups had free access to both food and water.

Both OEA and VEH solutions were freshly prepared on each test day and adminis-
tered about 10 min before dark onset by following our previous protocols [34–36]. OEA
(Sigma-Aldrich, St. Louis, MI, USA) was prepared in the laboratory [37] and admin-
istered by intraperitoneal injection (i.p.) at the dosage of 10 mg kg−1 in a vehicle of
saline/polyethylene glycol/Tween 80 (90/5/5, v/v). Theses dosage, vehicle and route of
administration were chosen on the basis of the extensive scientific literature published by
our and other research groups during the last 20 years. The i.p. route of administration was
the most reliable to obtain a lower dosage variability, as compared to oral administration of
OEA mixed in the rodent diet, and the highest bioavailability of OEA with the less stressful
manipulation of the animals. Animal body weight was monitored on daily basis. As
expected from previous observations [1], OEA-treated rats showed a significant decrease
of body weight gain as compared to the VEH rats (Figure S1).

At the end of the 2-week treatment period, animals were sacrificed, their livers immedi-
ately collected, washed in ice-cold phosphate-buffered saline, snap frozen in 2-metylbutane
(−60 ◦C) and stored at −80 ◦C until analyzed. All experiments were carried out in accor-
dance with the European directive 2010/63/UE governing animal welfare and with the
Italian Ministry of Health guidelines for the care and use of laboratory animals.

2.2. 1H NMR Spectroscopy

Hepatic total lipids were extracted using the Bligh and Dyer procedure. Lipid extracts
(VEH and OEA samples) were analyzed by using 600 μL of deuterated chloroform (CDCl3)
and transferred to a 5 mm NMR tube, using tetramethylsilane (TMS, δ = 0.00) as an
internal standard. 1D 1H and 2D 1H J-resolved, 1H–1H COSY Correlation Spectroscopy,
1H–13C HSQC Heteronuclear, and 1H–13C HMBC, Multiple Bond Correlation, spectra were
acquired at 300 K on a Bruker Avance III NMR spectrometer (Bruker, Biospin, Milan, Italy),
operating at 600.13 MHz for 1H observation, equipped with a TCI cryoprobe incorporating
a z-axis gradient coil and automatic tuning-matching (ATM). The following parameters
were used for 1H NMR spectrum: 64 K data points, spectral width of 20.0276 Hz, 64 scans
with a 2 s repetition delay, 90◦ power pulse (p1) 7.06 μsec and power level −8.05 dB. The
acquisition and processing of spectra were performed using Topspin 3.5 software (Bruker
Biospin, Milan, Italy). Resonances of fatty acids and metabolites were assigned according
with data available in the literature [38–40].

2.3. Tissue Collection and Lipid Analysis

For sphingolipid and neutral lipid analyses by TLC, 0.1 mg of tissue homogenate
proteins was used. The developing system was composed of toluene:methanol (70:30, v:v)
for sphingolipid analysis and hexane:ethyl ether:acetic acid (70:30:1, v:v) for neutral lipids.
Ceramide and sphingomyelin were identified by comparison with specific standards (C18
ceramide and sphingomyelin (d18:1/12:0) from Avanti Polar). After separation, plates
were sprayed uniformly with 8% cupric sulfate in 8% aqueous phosphoric acid, allowed to
dry 10 min at room temperature, and then placed into a 145 ◦C oven for 10 min as reported
in [41]. Band intensities were quantified using Image LabTM Version 6.0.1 2017 (Bio-Rad
Laboratories, Inc., Segrate (MI)—Italy) software.

Hepatic TAG level was also determined using an enzymatic colorimetric kit (RANDOX
Laboratories), following manufactory instructions.

2.4. LC-MS/MS Analysis

Sphingolipid analysis was performed with LC-MS/MS following the previously
described method [42]. Briefly, lipid extracts from hepatic homogenates were dried down
and reconstituted in 1000 μL di CHCl3:CH3OH (2:1, v:v), vortexed and centrifuged for
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15 min at +4 ◦C. The supernatant was subsequently diluted 1:10 with a solution formed by
50% solvent A (H2O with Formic acid 0.1%) and 50% solvent B (CH3OH:iPrOH:ACN (4:4:1,
v:v) with Formic acid 0.1%. A volume of 10 μL of Internal Standard solution (Avanti Polar),
containing d17So1P 0.1 μg/mL, C17Cer 0.01 μg/mL, C17GlcCer 1.0 μg/mL, was added to
90 μL of sample diluted as described above. After vortexing and centrifuging (5 min at
+4 ◦C) 90 μL of the sample was transferred in vials for subsequent LC-MS/MS analysis.

The LC-MS/MS system consists of an HPLC Alliance HT 2795 Separations Module
coupled to Quattro UltimaPt ESI tandem quadrupole mass spectrometer (Waters Corpora-
tion, Milford, MA, USA), operating in positive ion mode. The chromatographic separation
of analytes was performed using Ascentis Express Fused-Core C18 2.7 μm, 7.5 cm × 2.1 mm
column. In a total run time of 25 min, the elution of ceramides was achieved through a
gradient of mobile phases, starting from 50% to 100% of methanol:isopropanol:acetonitrile
(4:1:1, v:v) with Formic acid 0.1% (solvent B), water with Formic acid 0.1% was used as
solvent A. The flow rate was 0.20 mL/min. The capillary voltage was 3.8 kV, source temper-
ature was 120 ◦C, desolvation temperature was 400 ◦C, and the collision cell gas pressure
was 3.62 × 10−3 mbar argon. Multiple reaction monitoring (MRM) functions for detection
of sphingolipids are reported in Table S1.

2.5. Liver Microsome Isolation and DGAT Activity Measurements

At the end of the experimental period, livers from VEH and OEA rats were removed
and suspended in a medium containing 250 mM sucrose, 1.0 mM Tris-HCl (pH 7.4), 0.5 mM
EGTA. In the same medium, the liver was gently homogenized with a Potter-Elvehjem
homogenizer. Microsomes were isolated by differential centrifugation as in [43] with
a final ultra-centrifugation step at 40,000× g for 1 h. The pellet of this centrifugation,
corresponding to the microsomal fraction, was suspended in the same sucrose buffer.

DGAT activity was measured on the microsomal fraction as described in [44] us-
ing endogenous diacylglycerols as substrates in the presence of [1-14C]palmitoyl-CoA
(240 Bq/mol). The incubation was terminated after 1 min by the addition of 2 mL of
methanol/chloroform (2/1, v/v). After lipid extraction, TAG were isolated by TLC on
Silica G as reported in [44]. The silica, containing the TAG fraction, was scraped from the
plate for radioactivity measurements.

2.6. Assay of Hepatic Enzymatic Activities

For sphingomyelin synthase assay, the liver was homogenized in a buffer containing
50 mM Tris-HCl, 1 mM EDTA, 5% and sucrose and centrifuged at 2700× g for 10 min.
The supernatant was then used for the activity assay. The mix reaction contained 50 mM
Tris-HCl (pH 7.4), 25 mM KCl, C6-NBDceramide (0.1 mg/mL), and PC (0.01 mg/mL).
The reaction was started with 100 μg proteins and the mixture was incubated at 37 ◦C
for 2 h. Lipids were extracted in chloroform/methanol (2/1, v/v), dried under nitrogen,
and separated by TLC. For the fluorescence measurement, plates were scanned with
ChemiDoc™ MP System with Image Lab™ Software.

For neutral and acid sphingomyelinase assay, the liver was homogenized in a buffer
containing 50 mM Na acetate, 5 mM MgCl2, 1 mM ETA and 0.5% triton X-100, pH4.5.
The enzymatic assay was conducted with a Colorimetric Sphingomyelinase Assay Kit
furnished by MERK (Italy).

Ceramidase activity was measured as reported in [45], by incubating 25 μg of protein
from liver homogenate with 100 μM N-lauroyl ceramide (Nu-Chek Prep) as substrate
in assay buffer (125 mM sucrose, 0.01 mM EDTA, 125 mM Na acetate, and 3 mM DTT,
pH 4.5) for 1h min at 37 ◦C. Reactions were stopped by the addition of a mixture of
chloroform/methanol (2:1, v:v). The organic phases were collected, dried under N2, and
the N-lauroyl amount was measured by LC-MS/MS.

ACC activity was determined as the incorporation of radiolabelled acetyl-CoA into
fatty acids in a coupled assay with FAS reaction as described [46]. The reaction was carried
out at 37 ◦C for 8 min. To determine FAS activity, malonyl-CoA was included in the ACC
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assay mixture, while adenosine triphosphate (ATP), butyryl-CoA, and FAS were omitted.
The assay was allowed to proceed for 10 min.

2.7. Western Blot Analyses

Proteins were extracted from the whole liver homogenate using RIPA lysis buffer
(15 mM Tris-HCl, 165 mM-NaCl, 0.5% Na-deoxycholate, 1% Triton X-100 and 0.1% SDS),
with a protease inhibitor cocktail (1:1000; Sigma-Aldrich, St. Louis, MI, USA) and 1 mM-
PMSF (phenylmethanesuOEAnyl fluoride solution). Total protein levels of the lysate were
determined using the Bradford method (Bio-Rad Laboratories). After boiling for 5 min,
proteins were loaded and separated by SDS-polyacrylamide gel. The samples were then
transferred to a nitrocellulose membrane (Bio-Rad Laboratories) and blocked at room
temperature for 1 h using 5% (w/v) non-fat milk in TBS-Tris buffer (Tris-buffered saline
(TBS) plus 0.5% (v/v) Tween-20, TTBS). The membranes were incubated overnight at
4 ◦C with primary antibodies against ACC (Cell Signaling #3676, Rabbit 1:1000), FAS
(Cell Signaling #3180, Rabbit 1:1000), DGAT1 (Novus Biologicals #NB110-41487, Rabbit
1:1000), DGAT2 (Novus Biologicals #NBP1-71701, Mouse 1:1000), PPARγ (Santa Cruz
#sc-7273, Mouse 1:500), sterol regulatory element-binding protein-1 (SREBP-1) (Santa Cruz
#sc-365513, Mouse 1:500), CD36 (Santa Cruz #sc-7309, Mouse 1:1000), and SCD1 (Santa
Cruz #sc-58420, Mouse 1:1000). β-actin (Cell Signaling #8457, Rabbit 1:1000), was used to
determine loading fairness. Western blotting analyses were performed using Amersham
ECL Advance Western Blotting Detection Kit (GE Healthcare, Little ChaOEAnt, UK) and
detection was made using a VersaDoc Image System (Bio-Rad Laboratories, Hercules,
CA, USA). β-actin was used to determine loading fairness. After washing with TTBS,
the blots were incubated with peroxidase-conjugated monoclonal anti-rabbit secondary
antibodies (Sigma-Aldrich, St. Louis, MI, USA) at 1:10.000 dilutions at room temperature
for 1–2 h. The blots were then washed thoroughly in TTBS. Western blotting analyses were
performed using Amersham ECL Advance Western Blotting Detection Kit (GE Healthcare,
Little ChaOEAnt, UK). Densitometric analysis of the immunoblots was performed using
Image LabTM Version 6.0.1 2017 (Bio-Rad Laboratories, Inc., Segrate (MI)—Italy) software.

2.8. Hepatic Cell Tretaments

The human hepatocellular carcinoma cell line HLF was maintained in Dulbecco’s
minimum essential medium eagle (DMEM) low glucose with 10% fetal bovine serum (FBS),
100 U/mL penicillin, 100 μg/mL streptomycin, and 2 mM glutamine. Cells were cultured
at 37 ◦C with 5% partial pressure of CO2 in a humidified atmosphere. Cells were treated
for 2 h with OEA or Carmofur (Cayman Chemical) at the concentration of 10 μM and 5 μM,
respectively. OEA and Carmofur were dissolved in dimethyl sulfoxid (DMSO) at a 10 mM
concentration. At the end of the incubation time total proteins were extracted using RIPA
lysis buffer, with a protease inhibitor cocktail and 1 mM-PMSF. Total protein lysate levels
were determined using the Bradford method. After boiling for 5 min, proteins were loaded
and separated by SDS-polyacrylamide gel and probed with PPARγ antibody.

2.9. Multivariate Statistical Analyses

The 1H-NMR spectra of lipid extracts (ZG Bruker pulse program experiments) were
used for multivariate statistical analysis. Each spectrum was segmented in fixed rectangular
buckets of 0.04 ppm width and successively integrated, by using Amix 3.9.13 (Bruker
Biospin, Milano, Italy) software. The spectral regions between 7.45–7.00, 2.00–1.50 ppm,
due to the residual peaks of solvents (chloroform and residual water), were discarded. The
total sum normalization and the Pareto scaling procedure (performed by dividing the mean-
centered data by the square root of the standard deviation) were then applied to the whole
data to minimize small differences due to sample concentration and/or experimental
conditions among samples [47]. Unsupervised Principal Component Analysis (PCA)
and Orthogonal Partial Least Squares Discriminant Analysis (OPLS-DA) were applied
to examine the intrinsic variation in the data using Metaboanalyst software [48]. The
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validation of statistical models was performed and further evaluated by using the internal
10-fold cross-validation and with the permutation test (100 permutations). Two parameters,
R2 (the total variations in the data) and Q2 (the predictive ability of the models) were
analyzed to describe the goodness of the statistical models [49]. The box and whisker plots,
obtained for the discriminant metabolites found by multivariate analyses, summarize the
normalized bucket values (box limits indicate the range of the central 50% of the data, with
a central line marking the median value; the notch indicates the 95% confidence interval
around the median of each group).

Metabolic results are reported as means ± standard error of the mean (SEM). The
comparison between the two groups was made using Student’s t-test. Differences between
groups were considered statistically significant when p < 0.05.

3. Results

3.1. 1NMR-Hepatic Lipidomic Analysis and Identification of Lipid Classes

An overall study of the lipid composition of hepatic homogenate from VEH and
OEA rats was performed by 1NMR. 2D COSY, HSQC, HMBC and J-resolved spectra were
randomly performed on samples and used to accurately assign the lipid classes present in
samples (saturated, unsaturated fatty acids, phospholipids). The identified NMR signals of
lipid extracts and related assignments are reported in Table 1 and Figure S2.

Table 1. Different lipid classes, with the corresponding resonance assignments, were identified by
the NMR analysis. DAGP = diacylglycerophospholipids; FA = fatty acid chain; MUFA = monounsat-
urated fatty acids; SL = sphingolipids; PC = phosphatidylcholine; PG = phosphatidylglycerol; PUFA
= polyunsaturated fatty acids; TAG = triacylglycerol; UFA = unsaturated fatty acids.

Resonance 1H NMR Signal
Chemical Shift

(ppm)
Lipid Class

1 –C18H3 0.69 Cholesterol

2 –CH3 0.89 Total FA

3 –C19H3 1.02 Cholesterol

4 –(CH2)n– 1.25 Total FA

5 =CHCH2CH2(CH2)– 1.30 Total FA

6 –CO-CH2CH2– 1.62 Total FA

7 –CH2HC= 2.02 UFA

8 –CH2HC= 2.07 UFA

9 –CO-CH2– 2.37–2.23 Total FA

10 =CHCH2CH= 2.74 n-6 PUFA

11 =CHCH2CH= 2.88 n-3 PUFA

12 –N+(CH3)3 3.35–3.15 PC/PE/SL

13 CH2CHCH2 3.74 PG

14 PC and DAGP signals 4.5–3.5 PC

15 >C2H in glycerol backbone 5.21 DAGP

16 >C2H in glycerol backbone 5.26 TAG

17 –HC=CH– in fatty acyl chain PUFA
and MUFA 5.42–5.29 UFA

18 OH-CH-CH=CH- 5.74 SL

The 1H NMR spectrum (Figure S2) can be divided into three broad regions: 3.0–
0.65 ppm for fatty acids and sterol methyl and methylene resonances (A); 5.00–3.00 ppm for
phospholipids head groups and glycerol backbone proton resonances (B); 6.00–5.00 ppm
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for vinyl protons resonances for fatty acids and sphingolipids (C) [38,50]. Two signals of
cholesterol (CH3 groups) were identified in the spectral region between 1.05 and 0.5 ppm.
In particular, distinctive singlets of the methyl groups of cholesterol are identified at 1.02
and 0.69 ppm. A characteristic contribution from the choline head groups was found in
phosphatidylcholine (PC), phosphatidylethanolamine (PE) and sphingolipids (SL), with
sharp singlet signals at approximately 3.35–3.15 ppm. In particular, the signals at 3.35–3.32
and 3.17 ppm of methyl groups (-N+(CH3)3) were ascribable to PC/PE and SM, respec-
tively. Moreover, the presence of PC and PE were confirmed by resonances at 3.60 and
4.07 ppm, respectively, while the multiplets at 5.74 ppm were diagnostic of the character-
istic sphingenine moiety vinyl protons (HO-CH-CH=CH-) and, therefore, suggested the
presence of sphingolipids, including sphingomyelin, as also reported in the literature for
specific systems [40,51,52]. All diacylglycerophospholipids (DAGP) are represented by
the backbone glycerol sn-2 proton multiplet at ~5.21 ppm, while TAG show characteristic
signals at 5.27, 4.29–4.27 and 4.15 ppm, partially overlapped with other moieties peaks.
Among DAGP, phosphatidylglycerol (PG) signals appeared at 3.74 ppm [38,52]. Finally,
the signal at 2.38 ppm appears for the presence of n-3 polyunsaturated fatty acids together
with other NMR signals at 0.87, 1.30, 1.59 ppm [50].

3.2. Multivariate Analysis of VEH and OEA Liver Samples

A multivariate statistical approach was applied to the NMR data, without removing
any of the observations as outliers, to reveal the general trend or data grouping of the
samples. Unsupervised Principal Component Analysis (PCA) was performed to investigate
the differences between samples, after the pre-processing treatment of the NMR spectra. In
the PCA score plot of the corresponding model (Figure 1a), three principal components
(t[1]/t[2]/t[3]) explained more than 80% of the total variance (R2X = 0.81, Q2 = 0.45).

OEA and VEH samples resulted well separated in the PCA score scatterplot, in
particular when the t[2] and t[3] principal components were observed. The separation of
OEA and VEH samples as two specific classes was further confirmed by the supervised
PLS-DA analysis (Figure S3), which gave a satisfactory model (R2 = 0.95, Q2 = 0.81).

The OPLS-DA model (R2X = 0.79, R2Y = 0.98, Q2 = 0.90, Figure 1b), obtained from
1H NMR lipid extracts, showed a clear-cut separation of samples, which were clearly
distinct along the predictive t[1] axis. The analysis of NMR signals responsible for the
class separation was reported as box and whisker plots, which summarize the normalized
values obtained for the buckets containing discriminant metabolite signals (Figure 1c).
Relative increased values of phospholipids (such as PC/PE/SL), polyunsaturated fatty
acids (PUFA), among which linoleic acid and cholesterol were found in OEA vs. VEH
samples. Vice versa, a significantly decreased amount of TAG, and PG in OEA vs. VEH
rats was observed.

3.3. Hepatic Lipid Analysis by TLC and LC-MS/MS

By NMR spectroscopy we identified specific characteristic sphingenine moieties, sug-
gesting the possible presence of sphingomyelin [40,51,52]. On the basis of the NMR result,
we investigated on the different sphingolipid species by TLC and LC-MS/MS analysis.

TLC analysis (Figure 2a) revealed a significant increase in the amount of both ceramide
(Figure 2b) and sphingomyelin (Figure 2c) in OEA versus VEH rats.

To verify whether the changes in the hepatic level of ceramides and sphingomyelin
was linked to changes in the activity of main enzymes involved in sphingolipid metabolism,
we measured the activity of sphingomyelinase (neutral and acid forms), sphingomyelin
synthase (Figure 2d) and ceramidase (Figure 2e). We found a significant decrease in the ce-
ramidase activity in OEA vs. VHE animals. No significant changes were instead measured
in either neutral and acid sphingomyelinase or sphingomyelin synthase activities.
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Figure 1. (a) Principal component analysis (PCA) score plot for OEA and VEH samples. (b) t[1]/to[1] orthogonal partial least
squares discriminant analysis (OPLS-DA) score scatter plot for OEA and VEH samples, and (c) discriminant metabolites
between the two groups are reported in the corresponding box and whisker plots, which summarize the normalized
bucket values. The mean value for each group is indicated with a yellow diamond, while the notch indicates the 95%
confidence interval around the median of each group, with dots placed past the line edges to indicate outliers. PC = phos-
phatidylcholine; PE = phosphatidylethanolamine; SL = sphingolipids; PG = phosphatidylglycerol; TAG = triacilglycerols;
PUFA = polyunsaturated fatty acids.
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Figure 2. Hepatic sphingolipid and neutral lipid analysis. Total lipids from VEH and OEA groups were extracted and
separated by TLC. (a) Representative TLC separation of sphingolipids. (b,c) Quantification of ceramide and sphingomyelin
by densitometry analysis. Ceramide and sphingomyelin level is reported as fold change of OEA versus VHE. (d) Neutral
and acid sphingomyelinase and sphingomyelin synthase activities reported as percentages of values measured in VEH.
(e) Ceramidase activity assayed in liver homogenates. (f) Representative TLC separation of neutral lipids. (g) Neutral lipids
are represented as percentage of the total. (h) Triacylglycerol (TAG) amount was spectrophotometrically quantified with
a specific enzymatic assay. In the figure, the mean ± SEM of values obtained from three different analyses is reported.
** p < 0.005; * p < 0.05. Abbreviations: Chol. Est. = cholesterol ester; TAG = triacylglycerols: FFA = free fatty acids;
DAG = diacylglycerols.

Moreover, by TLC analysis we also evaluated the level of neutral lipids (Figure 2f) in
the liver of OEA vs. VHE rats. According to the NMR analysis, a reduced level of TAG and
increased level of cholesterol was found in the liver of OEA-treated rats with respect to
VHE. No significant changes were instead measured in the level of cholesterol esters, free
fatty acids, and diacylglycerols (Figure 2g). By using an enzymatic colorimetric assay, we
also measured the amount of total hepatic TAG in VEH and OEA groups of rats. We found
a reduced (about 40%) hepatic amount of TAG in OEA versus VEH animals (0.074 ± 0.01
mg/mg protein in VHE versus 0.044 ± 0.01 mg/mg protein in OEA; p < 0.05) (Figure 2h).
These results confirmed data obtained by NMR analysis.

To gain insight into the molecular mechanism of the OEA effect on sphingolipid
pathway (Figure 3a), using LC-MS/MS we measured the hepatic concentrations of long
(C16-C20) and very long (≥C24) chain ceramides as well as of their precursors, dihydroce-
ramides. We observed a significant accumulation of both dihydroceramide (d18:0/16:0)
(C16dHCer) and C24:0ceramide in OEA as compared to VHE (Figure 3b). Sphingosine,
the bioactive amino-alcohol backbone of sphingolipids, was up-regulated in the liver of
OEA rats as well. Moreover, the amount of C16glucosilceramide showed a decrease in
OEA with respect to VHE.

3.4. Activity and Expression of Triacylglycerol and Fatty Acid Synthesis Enzymes

In the liver, TAG synthesis is catalyzed by two main DGAT isoforms, DGAT1 and
DGAT2. Although both DGAT enzymes synthetize TAG from fatty-acyl-CoA and diacyl-
glycerols, they have different roles and regulatory mechanisms [43].
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We investigated whether OEA chronically administered to rats might impact the
activity and the expression of hepatic DGAT enzymes.

Western blot analyses (Figure 4a) revealed a significant decrease of both hepatic
DGAT1 and DGAT2 expressions in OEA- with respect to VEH-treated rats (Figure 4b).
Moreover, DGAT activity, measured in the liver microsomal fraction, was significantly
decreased in OEA with respect to VEH rats (Figure 4f).

SCD1 synthesizes oleic acid from stearate, a conversion that facilitates the biosynthesis
of TAG and other neutral lipids. SCD1 expression is highly correlated with liver steato-
sis [53]. Western blot analysis (Figure 4a) revealed that the hepatic protein level of SCD1
was significantly lower in OEA versus VEH rats (Figure 4c).

DGAT can catalyze TAG synthesis by using de novo synthetized fatty acids or fatty
acids taken-up from the bloodstream. The de novo synthesis of fatty acids is catalyzed by
ACC, which uses the ATP-dependent carboxylation of acetyl-CoA to produce malonyl-CoA
and FAS, which catalyzes the synthesis of palmitoyl-CoA, using malonyl-CoA as substrate.

ACC and FAS protein expressions and activities were analyzed in the liver of VEH and
OEA rats. The result obtained by western blotting (Figure 4a) demonstrated that both ACC
and FAS protein levels were statistically reduced in OEA versus VEH (Figure 4d). This
data was consistent with a significantly reduced activity of both ACC and FAS measured
in OEA versus VEH rats (Figure 4f).

Moreover, we also measured, by western blot analysis (Figure 4a) the hepatic level
of CD36, a protein that facilitates the transport of long-chain fatty acids in several cell
types [54]. We found that the hepatic protein level of CD36 decreased about 2-fold in OEA
versus VEH rats (Figure 4e).

Figure 3. Hepatic sphingolipid analysis by LC-MS/MS. (a) Schematic representation of the sphingolipid pathway. De
novo sphingolipid synthesis starts with the condensation of serine and palmitoyl-CoA by the rate-limiting enzyme,
serine palmitoyltransferase (SPT) to 3-keto-dihydrosphingosine. Following further modification to dihydrosphingosine,
ceramide synthases (CerS) convert dihydrosphingosine to dihydroceramide which is then desaturated to generate ceramides.
Ceramides can be glycosylated by glucosylceramide synthase (GCS) to glucosylceramides which can serve as an intermediary
for other glycosphingolipids, used as a substrate for sphingomyelin synthesis by sphingomyelin synthase (SMS) or
deacylated by ceramidases to form sphingosine and subsequently, through the action of sphingosine kinases generate
sphingosine-1- phosphate. (b) Distribution of sphingolipid species in the liver. In the figure, the mean ± SEM of values
obtained from five different samples is reported; *** p < 0.001; * p < 0.05. Red arrows indicated metabolites that are up and
down-regulated in OEA vs. VHE rats.
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Figure 4. Hepatic fatty acid and triacylglycerol synthesis enzymes. (a) Proteins extracted from hepatic VEH and OEA
samples were subjected to SDS-page electrophoresis. Membranes were analyzed by immunoblotting using specific
antibodies for acetyl-CoA carboxylase (ACC), and fatty acid synthase (FAS), CD36, diacylglycerol acyltransferase 1 (DGAT1),
DGAT2, and stearoyl-CoA desaturase 1 (SCD1). Each blot was normalized to the proper specific β-actin. (b–e) Blot signals
were quantified by densitometric analysis and reported as % of the vehicle (VHE). (f) DGAT, ACC and FAS specific activities
were assayed as reported in the Material and Methods section and reported as fold changes with respect to values measured
in VEH rats. Values are the mean ± SEM of five different experiments. * p < 0.05; ** p < 0.005.

3.5. Hepatic PPARγ and SREBP-1 Protein Expression

PPARγ regulates several proteins associated with fatty acid synthesis and TAG stor-
age [19]. Moreover, SREBP-1 represents the master transcription factor regulating lipogenic
enzyme expression in the liver [55]. We assessed whether the down-regulation of the
lipogenic proteins upon OEA treatment could depend on PPARγ and/or SREBP-1c.

By western blot analysis (Figure 5a) we measured the PPARγ and SREBP-1 hepatic
protein content in both VEH and OEA groups of rats. We found a significantly decreased
protein level of both PPARγ (Figure 5b) and SREBP-1 (Figure 5c) in the liver of OEA rats
with respect to VEH rats. The suppressive effect of OEA on PPAγ expression was also
demonstrated in vitro by incubating HLF hepatic cells for 2 h with 10 μM OEA (Figure 5d,e).
Moreover, the ceramidase inhibitor Carmofur, which increases OEA cell level by inhibiting
fatty acid hydrolases [56], induced both alone and in association with OEA, a strong
decrease in PPARγ expression (Figure 5d,e).
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Figure 5. Hepatic PPARγ and SREBP-1 protein expression. (a) Hepatic proteins from VEH- and OEA-treated rats were
subjected to SDS-page electrophoresis. Membranes were then subjected to immunoblotting using specific antibodies for
sterol regulatory binding protein-1 (SREBP-1) and peroxisome proliferator-activated receptor γ (PPARγ). (b,c) Signals were
quantified by densitometric analysis and expressed as percent of the vehicle (VHE). (d,e) PPARγ expression in HLF cells
treated for 2 h with 10 μM OEA, 5 μM Carmofur (CAR) and OEA + Carmofur. β-actin was used as the loading control.
Blot signals were quantified by densitometric analysis and reported as % of control (CTR) which was represented by cells
without any treatment. Values are the mean ± SEM of five different experiments. * p < 0.05; ** p < 0.005.

4. Discussion

In the present study, we demonstrated that chronic OEA treatment was able to affect
hepatic sphingolipid metabolism, and to significantly decrease TAG level with concurrent
reduction of PPARγ and SREBP-1 protein expression.

Lipidomic analysis of the whole hepatic lipid component showed that OEA increased
both ceramide and sphingomyelin content. It is particularly noteworthy the increased
amount of C24:0ceramide induced by OEA, considering the positive correlation recently
reported between the increased plasmatic level of C24:0ceramide and decreased cardio-
vascular events [57], and the link between C24-ceramide, exogenously administered and
the reduction in PPAR-γ expression [58,59]. It is also worth considering the decreased
glucosylceramide amount measured in the liver after OEA administration, considering
that decreased glucosylceramide synthesis was reported to ameliorate insulin sensitivity
and decrease TAG accumulation [60].

It is well known that sphingolipid metabolism is subject to very complex regula-
tory mechanisms and in this context, sphingosine plays a pivotal role. An increase of
sphingosine after OEA treatment is apparently in contrast with inhibitory role of OEA
toward ceramidase. However, it must be considered that sphingosine can derive also from
sphingosine-1P throughout a phosphatase activity [61], or by a salvage pathway by the
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breakdown of complex lipids [62]. Overall, our preliminary data open to future lipidomic
studies aimed at analyzing quantitatively and comprehensively all these lipid species.

In our study, we observed that OEA-induced a significant decrease of PPARγ expres-
sion both in vivo and in vitro. In this latter system the link between OEA and PPARγ
was reinforced by using Carmofur, a fatty acid hydrolase inhibitor that can block OEA
degradation and, thus, increase OEA level in the cell [56].

A large number of recent studies suggest that PPARγ might represent a relevant
clinical target for the treatment of NAFLD [63] and another set of data propose a relationship
between sphingolipid biosynthesis and NAFLD [62]. For the first time, we found that OEA
decreased the hepatic expression of PPARγ and of its downstream target protein CD36, an
effect that in turn, inhibits TAG accumulation.

We overall consider that the hepatic reduction of PPARγ expression was linked to
a reduction in TAG content and this observation is in keeping with previous studies
demonstrating that a reduced PPARγ expression in the liver is associated with hepatic
lipogenesis and TAG content [64].

We confirm our hypothesis by investigating the impact of chronic administration of
OEA on the activity and the expression of TAG and fatty acid synthesis enzymes.

The final step in TAG synthesis is catalyzed by DGAT isoforms, DGAT1 and DGAT2 [65]
with distinct protein sequences and different biochemical, cellular, and physiological func-
tions [52]. PPARγ is involved in the regulation of both DGAT1 and DGAT2 enzyme expres-
sion, and interestingly knockdown of hepatic PPARγ was reported to reduce hepatic lipid
accumulation and both DGAT1 and DGAT2 expressions [64–67].

We found that DGAT1 and DGAT2 expression and total DGAT activity decreased in
the livers of OEA-treated rats. OEA treatment significantly decreased also the hepatic level
of SCD1, a member of the fatty acid desaturase family that catalyses the conversion of
stearoyl-CoA to oleoyl-CoA, a major substrate for TAG synthesis [53]. All these data are in
line with the lower level of TAG we measured in the liver of OEA-treated rats (Figure 2).

SREBP-1c is a transcription factor that activates the expression of most genes required
for hepatic lipogenesis, such as ACC, FAS, and SCD1 [68,69]. Increased levels of SREBP-1c
mRNA were demonstrated in livers of several mouse models characterized by insulin
resistance and increased rates of hepatic lipogenesis [69].

Li et al. [20] reported that OEA inhibits hepatic de novo lipogenesis throughout a
SREBP-1-mediated inhibition of SCD1, and ACC mRNA expression [20]. According to that
study, we found that OEA decreases the expression of SREBP-1. Moreover, we observed
that OEA decreases ACC, FAS, and SCD1 protein expression, and ACC and FAS activities,
thus suggesting a possible link between the decreased level of ACC, FAS, and SCD1 and
the down-regulation of SREBP-1.

It is well known that polyunsaturated fatty acids (PUFA) can suppress hepatic SREBP-
1 nuclear abundance and the expression of its hepatic target genes [70–72]. Considering
that NMR analysis of the hepatic lipid composition highlighted an increased level of PUFA
in the liver of OEA-treated rats, we can speculate that the down-regulation of SREBP-1
could be associated with the altered lipidomic profile. About the mechanism responsible
for the OEA-induced increase in hepatic PUFA, we hypothesize to be a mere consequence
of the suppressed de novo lipogenesis that enriches the cell in saturated fatty acids.

Moreover, it should be also considered that NMR analysis showed a significantly
increased level of PC in OEA-treated rats (Figure 1c): interestingly, a study reported that a
chronically low PC level can drive TAG production regulating SREBP-1 processing [73].
Thus, according to our results, we cannot exclude a similar mechanism occurring also in
the liver of OEA-treated animals.

Taken together, our results propose a dual role played by OEA on reducing hepatic
TAG level: by recruiting the SREBP-1 system OEA might regulate key proteins involved
in fatty acid synthesis, whereas by affecting PPARγ, it might influence fatty acid uptake,
binding, and transport.
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While the OEA-induced SREBP-1 down-regulation may be almost expected and essen-
tially linked to changes in fatty acid profile, or probable modification in the OEA-induced
insulin signaling [74], the PPARγ effect is rather new and deserves deeper investigation.

5. Conclusions

Taken together, our results describe the antiadipogenic functioning of OEA in the liver,
which involves not only the de novo synthesis of fatty acids and the sphingolipid metabolism
but also the transport of fatty acids into the liver and the synthesis of triacylglycerols. These
findings add significant and important insights into the molecular mechanism of OEA on
hepatic adipogenesis, suggesting an important role of PPARγ in regulating such process
and further support the protective role of OEA in fatty-associated liver diseases.

Supplementary Materials: The following are available online at https://www.mdpi.com/2072-6
643/13/2/394/s1, Table S1. MS/MS operating conditions. Multiple reaction monitoring (MRM)
functions and settings for detection of sphingolipids are shown. Sa: Sphinganine (d18:0); d 17:0 Sa:
Sphinganine (d17:0); So: Sphingosine (d18:1); d 17:1 So: Sphingosine (d17:1); Sa1P: Sphinganine-1-
phosphate (d18:0); d 17:0 Sa1P: Sphinganine-1-phosphate (d17:0); So1P: Sphingosine-1-phosphate
(d18:1); d 17:1 So1P: Sphingosine-1-phosphate (d17:1); C16Cer: C16:0 Ceramide (d18:1/16:0); C17Cer:
C17 Ceramide (d18:1/17:0); C18Cer: C18 Ceramide (d18:1/18:0); C16dHCer: C16 Dihydroceramide
(d18:0/16:0); C16GlcCer: C16 Glucosyl(ß) Ceramide (d18:1/16:0); C17GlcCer: C17 Glucosyl(ß)
Ceramide (d18:1/17:0); C22Cer: C22 Ceramide (d18:1/22:0); C24Cer: C24 Ceramide (d18:1/24:0);
C24dHCer: C24 Dihydroceramide (d18:0/24:0). Figure S1: Rats daily administered with OEA
10 mg kg−1 i.p. (black squares) showed a significantly lower body weight gain with respect to VEH
treated rats (open gray squares). Such difference was significant starting from the fourth day of
treatment and lasted for the rest of the treatment period. Statistical analysis was performed by two
way ANOVA for repeated measures, followed by Bonferroni’s post hoc test for multiple comparisons.
Data are expressed as means ± SEM; ◦◦ p < 0.01, ◦◦◦ p < 0.001 vs. respective VEH; N = 12; Figure S2:
1H NMR spectra of lipid extracts with identified NMR signals (region A: 3.00–0.65 ppm, typical of
fatty acids and sterol methyl and methylene resonances; region B: 5.00–3.00 ppm for phospholipids
head groups and glycerol backbone proton resonances; region C: 6.00–5.00 ppm for vinyl protons
resonances). Numbers are referred to corresponding signal assignments reported in Table 1; Figure S3:
(a) Partial least squares discriminant analysis (PLS-DA) score plot and (b) cross validation details
(10-fold), in terms of R2 and Q2 for OEA and VEH samples.
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Abstract: Increased amino acid availability acutely stimulates protein synthesis partially via acti-
vation of mechanistic target of rapamycin complex 1 (mTORC1). Plant-and insect-based protein
sources matched for total protein and/or leucine to animal proteins induce a lower postprandial rise
in amino acids, but their effects on mTOR activation in muscle are unknown. C57BL/6J mice were
gavaged with different protein solutions: whey, a pea–rice protein mix matched for total protein or
leucine content to whey, worm protein matched for total protein, or saline. Blood was drawn 30, 60,
105 and 150 min after gavage and muscle samples were harvested 60 min and 150 min after gavage to
measure key components of the mTORC1 pathway. Ingestion of plant-based proteins induced a lower
rise in blood leucine compared to whey, which coincided with a dampened mTORC1 activation, both
acutely and 150 min after administration. Matching total leucine content to whey did not rescue the
reduced rise in plasma amino acids, nor the lower increase in mTORC1 compared to whey. Insect
protein elicits a similar activation of downstream mTORC1 kinases as plant-based proteins, despite
lower postprandial aminoacidemia. The mTORC1 response following ingestion of high-quality
plant-based and insect proteins is dampened compared to whey in mouse skeletal muscle.

Keywords: muscle; mTORC1; plant-based protein; whey; insect; muscle protein synthesis

1. Introduction

Maintenance of skeletal muscle mass is key for metabolic health throughout life [1].
Total muscle mass is generally determined by basal rates of protein synthesis and the
ability to stimulate protein synthesis after the intake of protein [2,3]. The enhancement of
protein synthesis is primarily induced by the activation of mechanistic target of rapamycin
complex 1 (mTORC1)-signalling [4–7]. Growth factors, energetic stress, and muscular
contractions control mTORC1 directly or via its upstream inhibitor tuberous sclerosis
complex 1/2 (TSC1/2) [8]. Amino acids (AA) regulate mTORC1 via alternative pathways
involving Rag GTPases, which recruit mTORC1 to the lysosomal membrane [9–11]. How
TSC2-dependent signals regulate mTORC1 in skeletal muscle has been intensely stud-
ied, but how fluctuations of amino acids, and in particular fluctuations in the essential
amino acid leucine, regulate mTORC1, and thus skeletal muscle mass in vivo is much less
well understood.

Our world’s population is projected to reach 10 billion by 2050 [12] and protein
demand is expected to double by then [13]. In the future, we will no longer be able to cover
the animal-based protein demand at rates we are consuming now [14]. Plant-based proteins
currently account for 30–50% of total dietary protein intake in many countries [15], with
numbers exceeding 60% in less developed countries [16]. More research is emerging on
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how plant-based proteins affect muscle health [17–19] and muscle remodelling, especially
in combination with resistance training [20–23]. Considerable efforts have been made
recently to understand how non-animal-based proteins affect the acute protein synthetic
response [24–27], but studies assessing the direct effects on acute mTORC1 signalling
are lacking.

A rapid postprandial rise in essential amino acids (EAA) concentrations modulates
the increase in mTORC1 activity [28,29] after protein ingestion. As animal-based protein
sources are rapidly digested and contain high concentrations of EAA, in particular leucine,
it is believed that animal-based proteins are more anabolic than plant-based sources [17].
The latter contain several anutritious molecules such as tannins, trypsin inhibitors, and
phytates that slow digestion [30]. Moreover, plant-based proteins result in larger portions of
splanchnic nitrogen retention/oxidation and hence lower AA appearance in the blood [31].
Nevertheless, innovations in food processing have solved many issues regarding plant-
based protein digestibility. Recent advancements in production of plant-based protein
concentrates, isolates, and hydrolysates and the potential of mixing different plant sources
have been put forward as a strategy to match EAA content of animal-derived protein
sources [22], but these hypotheses are yet to be tested. In addition to plant-based proteins,
insect-based protein mixtures might be another promising strategy to meet the rapidly
growing protein demand. Insect protein has been reported to induce a similar postprandial
increase in essential AA (EAA) as soy, but inferior to whey [32]. Similar to vegan proteins,
the effects of insect protein isolates on mTORC1 activity remain unexplored.

Hence, the aim of this study is to assess AA appearance in the blood and subsequent
mTORC1 signalling acutely after administration of whey or of more sustainable, high
quality protein sources based on plants (pea and rice isolate) and insects (buffalo worm
protein). We hypothesise that whey protein would promote superior blood concentrations
of EAA and branched-chain amino acids (BCAA) compared to total protein-matched vegan
proteins or insect isolates, mirrored by superior acute mTORC1 activation. Additionally,
we hypothesise to observe a similar EAA and mTORC1 response to whey when a vegan
protein mix is leucine-matched to whey.

2. Materials and Methods

2.1. Animals

All experiments were performed on male C57BL/6J mice. Mice were housed in
individually ventilated cages (3–4 littermates per cage) at standard housing conditions
(22 ◦C, 12 h light/dark cycle, dark phase starting at 7 pm), with ad libitum access to
chow (KlibaNafag, diet #3436 and diet #3437) and water. Health status of all mouse lines
was regularly monitored according to FELASA guidelines. All animal procedures were
approved by the Veterinary office of the Canton of Zürich (license nr ZH137/2020).

2.2. Experimental Procedures

An overview of the experimental procedures can be found in Figure 1. A number
of 8–12-week old male C57BL/6J mice were fasted for 4–5 h from the beginning of the
light cycle. Subsequently, mice were gavaged with saline (0.9% NaCl), Whey (myprotein,
Northwitch, UK), a pea–rice Vegan Mix (UniProt, Kaltenkirchen, Germany), Vegan Mix++
leucine-matched to whey (Uniprot) and pulverized buffalo Worm protein (Protifarm,
Ermelo, The Netherlands) (Table 1). Blood was drawn 30, 60, 105 and 150 min after gavage,
mice were sacrificed 60 min and 150 min after gavage for harvesting muscle samples.
Each AA-containing condition contained the same amount of total protein per mixture
(4.57 g·kg−1), except Vegan Mix++ (5.48 g·kg−1). The Vegan Mix++ was leucine matched to
whey (0.475 g leucine·kg−1), hence it contained 20% more total protein. The concentrations
chosen correspond to ~40% of total daily leucine intake and have been shown to induce
a robust increase in mTORC1 signaling and MPS in rodents [29,33]. AA content of each
amino acid mixture was internally assessed by the respective company where the protein
source was obtained. Nitrogen to protein ratio (N:P) for whey, vegan mix and worm protein
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is 6.38, 5.17–5.44 and 5.41, respectively. Values are obtained from previous studies [34–37].
An overview of AA mixture specifications is provided Table 1.

Figure 1. Experimental overview.

Table 1. Amino Acid (AA) mixture specifications.

Composition (g/100g Mix) Whey Vegan Mix Worm Protein

Protein 80.0 78.0 61.7
Fat 6.7 0.9 24.3

Carbohydrate 5.0 3.2 8.0
AA profile (g/100g) 100 g AA 100 g mix 100 g AA 100 g mix 100 g AA 100 g mix

Lysine 9.24 7.39 6.60 5.15 7.08 4.05
Histidine 1.89 1.51 2.40 1.87 3.58 2.05

Methionine 2.01 1.61 1.60 1.25 1.50 0.86
Phenylanine 3.10 2.48 5.30 4.13 4.72 2.70
Threonine 6.68 5.34 3.40 2.65 4.37 2.50

leucine 10.43 8.34 8.30 6.47 7.20 4.12
Isoleucine 6.31 5.05 4.30 3.35 4.61 2.64

Valine 5.80 4.64 5.30 4.13 6.08 3.48
Alanine 4.93 3.94 4.40 3.43 7.08 4.05
Arginine 2.38 1.90 8.60 6.71 5.80 3.32

Aspartic Acid 10.74 8.59 11.20 8.74 9.67 5.53
Glycine 1.75 1.40 4.10 3.20 4.95 2.83

Glutamic Acid 17.73 14.18 19.10 14.90 12.50 7.15
Cystine 1.87 1.50 1.80 1.40 0.94 0.54
Proline 6.27 5.02 4.00 3.12 6.33 3.62
Serine 4.55 3.64 5.00 3.90 4.53 2.59

Tyrosine 2.88 2.30 3.60 2.81 7.80 4.46
Tryptophan 1.45 1.16 1.10 0.86 1.26 0.72

Amount gavaged (g·kg−1) Saline Whey Vegan Mix Vegan Mix++ Worm

Total protein 0 4.57 4.57 5.48 4.57
Leucine 0 0.48 0.38 0.48 0.30

2.3. Sample Collection

Mice were anesthetized using Ketamine/Xylazine at 115 μg·g−1 and 13 μg·g−1 body
weight respectively via intraperitoneal injection. The depth of anaesthesia was confirmed by
testing pedal withdrawal reflex before tissue collection. Subsequently, the m. gastrocnemius
(GAS), m. tibialis anterior (TA), m. soleus (SOL), m. plantaris (PLT) were dissected and
snap frozen.

2.4. Protein Extraction and Western Blot

Sample Preparation: Between 10 and 25 mg of muscle sample (m. tibialis anterior,
TA) was homogenized in ice cold lysis buffer (1:10, w/v) (50 mM Tris-HCl pH 7.0, 270 mM
sucrose, 5 mM EGTA, 1 mM EDTA, 1 mM sodium orthovanadate, 50 mM glycerophosphate,
5 mM sodium pyrophosphate, 50 mM sodium fluoride, 1 mM DTT, 0.1% Triton-X 100
and 10% protease inhibitor) (20 μL per 1.8–2.5 g of tissue sample) using an OMNI-THq
Tissue homogenizer (OMNI International, Kennesaw, GA, USA) for 20 s until a consistent
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homogenate was formed. Samples were centrifuged at 4 ◦C at 10,000× g for 10 min and
the supernatant with proteins collected. Protein concentration was determined using the
DC assay protein method to equalize the amount of protein. Samples were prepared
3:4 with 4× laemmli buffer containing 10% 2-mercaptoethanol and heated at 95◦ for
5 min. An amount of 20–40 μg of total protein was loaded in a 15-well pre-casted gradient
gel (Bio-rad, #456–8086). After electrophoresis, a picture of the gel was taken under UV-
light to determine protein loading using stain-free technology. Proteins were transferred
via semi-dry transfer onto a polyvinylidene fluoride membrane (Bio-rad, #170–4156) and
subsequently blocked for 1 h at room temperature with 5% milk in TBS- Tween. Membranes
were incubated overnight at 4 ◦C with primary antibodies from Cell Signaling Technology;
pS6K1Thr389 (#9206), pS6Ser235/236 (#2211), pmTORSer2448 (#5536), peEF2Thr56 (#2331) and
p4E-BP1Ser65 (#9451). The appropriate secondary antibodies (1:5000) for anti-rabbit and anti-
mouse IgG HRP-linked antibodies (Cell signalling, #7074) were used for chemiluminescent
detection of proteins. Membranes were scanned with a chemidoc imaging system (Bio-rad)
and quantified using Image lab software (Bio-rad).

2.5. Amino Acid Determination from Blood

A total of 5 nmol of stable isotope labelled amino acids was added (Cambridge Isotope
Laboratories) to 10 μL of serum. Proteins were precipitated by adding 9 volumes ice cold
methanol at −20 ◦C. The supernatant was dried and the amino acids were re-constituted in
100 μL 0.1 % acetic acid. Samples (5 μL) were subjected to liquid chromatography coupled
multiple reaction monitoring mass spectrometry (LC-MRM-MS). The acquired data were
integrated and analysed using the open source software tool Skyline [38]. Area under the
Curve (AUC) was calculated using the linear trapezoidal method.

2.6. Statistical and Data Analyses

Results are presented as mean with standard error of the mean (SEM) bars. Additional
individual data points are provided for the protein signalling data. Data were subjected to
a one-way analysis of variance (ANOVA) (protein signalling) or two-way ANOVA (plasma
AA) to generate a p value and post hoc tests were performed using Tukey’s post hoc test
using Graphpad Prism to compare between groups. All data passed the Shapiro–Wilk test
for normality and sample sizes (n = 5–7) were calculated a priori via power calculations
(1-β: 0.8) using G*Power statistical software. Significance was set at p < 0.05. Exact n
numbers are provided in the figure and table legends.

3. Results

3.1. Amino Acid Concentrations in Plasma

The postprandial rise in EAA, and in particular BCAA, is essential for mTORC1
activation and subsequent induction of muscle protein synthesis (MPS) in skeletal muscle.
BCAA appearance in blood plasma is shown in Figure 2 and Table 2. Plasma leucine
increased 30, 60 and 105 min after whey gavage (Figure 2A) and returned to baseline levels
after 150 min. Vegan Mix and Vegan Mix++ induced a dampened plasma leucine response
compared to whey, with no differences between conditions. Worm protein induced the
lowest leucine response, which was lower in comparison to both Vegan Mix, Vegan Mix++
as well as whey (Figure 2A and Table 2). All this resulted in a reduced AUC for both
plant-based mixtures and worm protein compared to whey (Figure 2B). The other two
BCAA, isoleucine and valine, followed near identical patterns (Figure 2C–F). Essential
amino acids (AA) methionine and threonine also displayed a higher, more prolonged peak
after whey supplementation compared to Vegan Mix, Vegan Mix++ and worm protein
(Table 2). Other amino acids were only marginally affected by any of the AA mixtures (for
details, see Table 2).

128



Nutrients 2021, 13, 1396

Figure 2. Increase in plasma BCAA upon gavage of different AA mixtures. (A) Plasma leucine.
(B) Leucine area under the curve (AUC). (C) Plasma isoleucine. (D) Isoleucine AUC. (E) Plasma
Valine. (F) Valine AUC. Data is presented as mean ± SEM, n = 5. a p < 0.05 vs. saline, b p < 0.05 vs.
whey, (b) p < 0.10 vs. whey. Vegan mix ++ annotates the leucine-matched (to whey) vegan mix.

3.2. Higher Acute mTORC1 Response with Whey Compared to Plant- and Insect-Based Protein

Blood analysis showed that BCAAs peaked 30–60 min after gavage. Hence, to evaluate
whether the higher BCAA response 60 min after whey supplementation would also lead to
a higher mTORC1 response in skeletal muscle, we measured the phosphorylation of critical
downstream mTORC1 targets ribosomal protein S6 kinase (pS6K1Thr389), ribosomal pro-
tein S6 (pS6ser235/236) and eukaryotic elongation factor 2 (peEF2Thr56) exactly 60 min after
gavage. All AA mixtures strongly increased pS6K1 and pS6, but the effect was larger with
whey (∼8-fold vs. saline) compared to plant-based and insect-based protein (∼5-fold), with
no differences between both vegan mix conditions and worm (Figure 3A–C,E). Phospho-
rylation of mTOR at Ser2448 showed an identical pattern (Figure 3C,E). peEF2 remained
unaffected by supplementation (Figure 3D,E).
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Figure 3. mTORC1 signalling 60 min in m. Tibialis Anterior after gavage of different AA mixtures. (A) pS6K1Thr389.
(B) pRPS6Ser235/236. (C) pmTORSer2448. (D) pEEF2Thr56. (E) Representative blots. Data is presented as mean ± SEM, n = 6–7.
Sal (Saline), W (Whey), V (Vegan Mix), V++ (Vegan Mix++), Wo (Worm protein). a p < 0.05 vs. saline, b p < 0.05 vs. whey,
(a) p < 0.10 vs. saline, (b) p < 0.10 vs. whey.

3.3. No Prolonged mTORC1 Response with Plant- or Insect-Based Protein

Previous reports in humans have shown a delayed but overall elevated muscle syn-
thetic response with a plant-based source compared to whey, despite a lower overall
postprandial amino acid availability with the former [24]. Hence, to evaluate the poten-
tial of a delayed mTORC1 response with animal- and/or insect-based protein sources,
we assessed critical components of mTORC1 2.5 h after gavage. pS6K1 and pS6 where
marginally increased in all AA conditions, but this did not reach statistical significance due
to higher variation compared to the acute (60 min after gavage) condition (Figure 4A,B,E).
Phosphorylation of 4E-BP1 at Ser65 was increased three-fold in the Vegan mix++ condition
(Figure 4C,E, p < 0.05). Phospho-mTOR at Ser2448 remained unaffected in all conditions
(Figure 4D,E).

4. Discussion

This study assessed changes in AA concentrations in the blood and mTORC1 response
after gavage of animal-based proteins (whey), plant-based protein (a pea–rice vegan mix)
and insect proteins (pulverized worm). The major findings were that all protein sources
robustly increased aminoacidemia and subsequently mTORC1 signalling in mouse skeletal
muscle acutely after gavage. However, whey induced a ∼2-fold larger increase in plasma
BCAA compared to plant-and insect-based proteins, with a subsequent 1.5-fold increase in
downstream mTORC1 signalling. A plant-based protein source that was leucine-matched
to whey did not rescue the dampened mTORC1 response. Finally, 2.5 h after gavage,
aminoacidemia returned to baseline in all conditions, with no obvious prolonged mTORC1
response with plant-based, nor insect-based proteins.

Ingestion of plant-based proteins results in a lower postprandial muscle synthetic
response compared to nitrogen-matched animal-based sources such as whey [26,27],
skimmed milk [27] or beef [39] in both resting and post-exercise conditions. Lower anabolic
properties of single source plant-based proteins may be attributed to inferior BCAA, in
particular, leucine, concentrations compared to most animal proteins [17]. Mixing different
plant strains to obtain an amino acid profile similar to those of animal sources might be
a promising strategy to enhance protein quality of plant proteins [40–42]. Yet, our data
does not confirm this, as the high-quality pea–rice vegan mix used in this study caused a
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strongly reduced peak in leucine uptake in the blood compared to whey, even when total
leucine content was matched (Vegan Mix++). Increased splanchnic extraction/oxidation
and subsequent urea synthesis have been shown with plant-based proteins [31] as well as
reduced digestion due to the presence of anutritious components such as tannins, trypsin
inhibitors and phytates [30]. However, the latter is unlikely an important factor in our
study set-up as both vegan mixtures lead to an overall lower AUC for leucine compared
to whey. In effect, a delay in AA absorption would have resulted in a similar overall
AUC. Interestingly, although the leucine-matched vegan mix (Vegan Mix++) contained 20%
more total protein and 25% more leucine than the normal vegan mix, AA appearance was
identical, suggesting high splanchnic retention with higher doses of plant-based proteins.

Figure 4. mTORC1 signalling 150 min in m. Tibialis Anterior after gavage of different AA mixtures. (A) pS6K1Thr389.
(B) pRPS6Ser235/236. (C) p4EBP1Ser65 (D) pmTORSer2448. (E) Representative blots. Valine AUC. Data is presented as mean
±SEM, n = 5–6. Sal (Saline), W (Whey), V (Vegan Mix), V++ (Vegan Mix++), Wo (Worm). a p < 0.05 vs. saline, b p < 0.05 vs. whey.

Next to plant-based protein, other eco-friendly protein options, such as insect proteins,
are currently investigated in terms of quality and downstream effects on muscle metabolism.
Our data is in line with previous human results showing that insect protein induces blood
AA concentrations similar to soy and inferior to whey protein [32]. In fact, we demonstrate
that worm protein resulted in a ∼30% lower AUC for all BCAA compared to both vegan
mixes. It is important to note that although total administered protein was identical to
whey and the pea–rice vegan mix, total leucine content was, respectively 38% and 21%
lower, which might explain the slightly reduced BCAA blood appearance with insect
protein. Similarly, as shown in Table 1, the worm protein contains more carbohydrates
and fats than both the vegan mix and whey. The presence of other macronutrients, in
particular fats, might have delayed gastric emptying and AA absorption in our study [34].
Future studies should investigate whether an insect source matched for leucine to whey
and stripped from excess fats induces a similar leucine response.

BCAAs and in particular leucine trigger protein synthesis via the activation of
mTORC1 [4,28,43,44]. Numerous studies have shown potent activation of downstream mTORC1
signalling with whole animal-based protein sources [28,45,46], but data on mTORC1 activation
with non-animal-based protein blends is scarce. Recent human data showed a reduced increase
in blood leucine with ingestion of fungal derived protein (mycoprotein) compared to milk
protein, even though total ingested leucine was matched [23]. Despite lower leucine availability,
MPS was higher with mycoprotein in both resting and exercised conditions, while mTOR
phosphorylation at ser2448 was unaffected. As no other downstream kinases were assed in
this study, it is difficult to draw strong conclusions on how reduced leucine availability in the
mycoprotein group affected mTORC1 signalling. Earlier reports have shown a larger increase
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in p-S6K1 in rats fed a meal containing 20% whey compared to 20% soy [47], which is in line
with reduced peak in plasma leucine after consumption of various plant-based proteins of
which leucine content was matched to whey [42]. Our data supports this as both vegan mixes
induced lower rise in BCAA, which resulted in a 1.5-fold lower increase in phosphorylation
of various downstream mTORC1 kinases such as p-S6K1 and p-S6 compared to whey. Plant
and insect protein are often described as slow-digesting [32,48] leading to a prolonged increase
in protein synthetic rate, despite lower overall postprandial amino acid concentrations, also
at later time-points [23,24]. Although we only measured markers of protein synthesis, we
did not observe a prolonged mTORC1 response 2.5 h after plant-or insect protein administra-
tion, suggesting that mTORC1 activation closely mirrors the rise in plasma leucine, while its
downstream effects on protein synthesis might be delayed. Furthermore, the fact that acute
(after 60 min) and prolonged (after 2.5 h) mTORC1 activation was similar between the vegan
mixes and insect proteins, despite a lower aminoacidemia in the latter, suggests that the origin
of ingested proteins can alter mTORC1′s sensitivity to leucine, possibly via other micro- or
macronutrients [23].

The clinical relevance of our data lies in the nutritional support for alternative protein
sources to activate mTORC1 and potentially muscle remodeling. Although the doses
used in this study are similar to what is generally used in human studies after accounting
for dose translation from rodent to humans [49], caution must be exercised to directly
extrapolate our findings to humans. Mice and humans show differential digestion patterns.
While mice have an exponential digestion curve, where most of the gastric emptying is
finished within the first hour after nutrient ingestion, humans show a more linear digestion
pattern [50]. This is a limitation of our study as interspecies digestion patters might have
affected blood leucine concentrations at later time-points (e.g., 150 min) after gavage.

5. Conclusions

In conclusion, ingestion of plant-based proteins matched for total protein and leucine
induce a lower rise in blood leucine, with a subsequent dampened mTORC1 activation,
compared to whey, both acutely and 2.5 h after administration. Insect protein elicits a
similar activation of downstream mTORC1 kinases as plant-based proteins, despite lower
postprandial aminoacidemia.

Therefore, future research should focus on the mechanisms behind altered mTORC1
sensitivity related to different protein sources. Finally, further methods to increase the
ability of plant-based proteins to activate muscle protein synthesis should be explored;
these might include improved means to increase digestion and absorption.
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Abstract: Since elevated serum levels of trimethylamine N-oxide (TMAO) were first associated with
increased risk of cardiovascular disease (CVD), TMAO research among chronic diseases has grown
exponentially. We now know that serum TMAO accumulation begins with dietary choline metabolism
across the microbiome-liver-kidney axis, which is typically dysregulated during pathogenesis. While
CVD research links TMAO to atherosclerotic mechanisms in vascular tissue, its molecular effects on
metabolic tissues are unclear. Here we report the current standing of TMAO research in metabolic
disease contexts across relevant tissues including the liver, kidney, brain, adipose, and muscle. Since
poor blood glucose management is a hallmark of metabolic diseases, we also explore the variable
TMAO effects on insulin resistance and insulin production. Among metabolic tissues, hepatic TMAO
research is the most common, whereas its effects on other tissues including the insulin producing
pancreatic β-cells are largely unexplored. Studies on diseases including obesity, diabetes, liver
diseases, chronic kidney disease, and cognitive diseases reveal that TMAO effects are unique under
pathologic conditions compared to healthy controls. We conclude that molecular TMAO effects
are highly context-dependent and call for further research to clarify the deleterious and beneficial
molecular effects observed in metabolic disease research.

Keywords: western diet; trimethylamine n-oxide (TMAO); gut microbiome; metabolic tissue function;
oxidative stress; metabolic diseases; obesity; diabetes; insulin resistance; insulin production

1. Introduction

Trimethylamine N-oxide (TMAO) chemistry has been investigated since the 1890s and
TMAO was first reported in human urine samples in 1934 [1–5]. Urine TMAO levels have
since been associated with dietary choline consumption and chronic diseases [6–8]. Posi-
tive and negative molecular mechanisms of TMAO have been identified in various tissues
across many species [9–17]. The 2011 landmark metabolomics study first linked elevated
serum TMAO levels to cardiovascular disease (CVD) and TMAO research in the context of
chronic diseases has since grown exponentially [8]. We now know that serum TMAO is
derived from choline via a gut microbiome metabolite and represents a critical factor for
exploring the diet-gut-host effects on health (Figure 1) [8,18–29]. Clinical TMAO effects
are most closely tied to atherosclerotic phenotypes, although there is some debate [30,31].
Resent TMAO research has recently expanded to include other chronic metabolic dis-
eases [20,32–47]. Over-nutrition related metabolic phenotypes including insulin resistance,
type 2 diabetes (T2D), obesity, metabolic syndrome, and chronic kidney disease (CKD)
which are already associated with CVD have been linked to TMAO [39,44,48–68]. Emerg-
ing molecular level studies are beginning to elucidate TMAO’s effects on various relevant
metabolic tissues; however, direct TMAO mechanisms are still unclear. While it is debated
whether TMAO plays predominantly positive or negative roles in the metabolic disease
contexts, TMAO is generally considered deleterious and strategies to reduce its accumula-
tion are proposed for better CVD treatment [50,69–76]. Here we define how serum TMAO
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accumulates with a close look at the interaction between the diet, the microbiota, the host
liver, and kidney tissues. We then explore the known TMAO effects in metabolic tissues
including the liver, kidney, brain, adipose, and muscle. Finally, to further link to metabolic
diseases which commonly involve poor blood glucose management, we will review how
TMAO affects insulin resistance and insulin secretion. Just as the role of TMAO may
differ between CVD and metabolic disease conditions, we hypothesize that it may function
differently between healthy and diseased states.

Figure 1. Trimethylamine N-Oxide (TMAO) Accumulation in Serum. (A) The microbiome-liver-kidney axis regulates TMAO
production and accumulation. Choline and related compounds from dietary animal proteins and fats are metabolized by
gut bacteria expressing choline utilization cluster (Cut) genes including E. coli. The resultant trimethylamine (TMA) is
absorbed by enterocytes and metabolized by hepatic flavin-containing monooxygenase (FMO) enzymes. Serum TMAO is
excreted via renal glomerular filtration and uptake by proximal tubular cells through organic cation transport proteins.
(B) Choline, TMA, and TMAO structures. This figure was created with biorender.com.

2. TMAO Accumulation in Serum

2.1. Intestinal TMA Production

The source of circulating TMAO is the precursor trimethylamine (TMA) produced
by the intestinal microbiome metabolism of dietary choline. High levels of quaternary
amine-containing semi-essential nutrients such as choline, phosphatidylcholine, carnitine,
betaine, and ergothioneine are common in a Western diet containing animal proteins
and fats [69,77–80]. These foods and nutrients may or may not be directly linked to
CVD independent of TMAO production [8,69,81]. Diets high in plant products, including
the Mediterranean, vegetarian, and vegan diets are associated with lower circulating
TMAO [50,82–84]. However, even healthy diets containing fish, vegetables, and whole-
grain products, which measured high levels of long-chain unsaturated fatty acids can
increase serum TMAO levels in patients with at cardiometabolic risk [85]. In patients with
obesity, a vegan diet intervention reduced circulating TMAO levels and improved glucose
tolerance presumably by reducing intake of the precursor nutrients [50]. Therefore, the
first step toward serum TMAO accumulation is the consumption of prerequisite nutrients.

In a Western diet, the abundance of choline-related nutrients can surpass the absorp-
tive capacity of the small intestine and the excess is metabolized by the large intestinal
microbiota prior to absorption [86–89]. In carnitine challenged omnivorous and vegetarian
subjects, TMAO production increased 10-fold in omnivores [90]. Presumably, the excess
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carnitine substrate was metabolized by TMA producing bacteria which were dispropor-
tionately abundant in the microbiomes of omnivores [71,91]. However, it must be noted
that carnitine is not a primary pre-curser of TMA, as discussed below. Aged animal models
show higher TMA absorption into the portal vein and eventual TMAO accumulation
compared to the young, indicating that changes at the host enterocytes also influences
serum TMAO accumulation [92–94].

TMA producing anaerobic bacteria have been identified by screening gastrointesti-
nal isolates and using bioinformatic analysis [95–97]. These studies found that TMA is
produced by facultative or obligate anaerobes across 4 phyla including Proteobacteria,
Firmicutes, Actinobacteria, and Fusobacteria [98,99]. All species of the genera Desul-
fosporosinus and Proteus, and most species in the Enterococus, Escherichia, Klebsiella,
Conlinsella, Closteridium, and Anaerococcus genera produce TMA [98,99]. These bacteria,
including the well-known E. coli, C. bacterium, and C. hathewayi species express the
choline utilization cluster (Cut) family of genes [98]. The glycyl radical enzyme homologue
choline TMA-lyase (CutC) is activated by CutD and cleaves the C-N bond in choline to
produce TMA and acetaldehyde [99–101]. The oxygenase Rieske 2S-2Fe cluster-containing
enzymes CntA and CntB have a broader affinity for secondary dietary substrate including
carnitine and betaine [97,102]. Although some TMAO research is performed in carnitine
supplemented models, these generally report findings contrary to choline feeding studies
presumably because carnitine is a poor TMA precursor because it is generally metabolized
to γ-butyrobetaine [91,97,103,104]. It must be noted that the gene pair YeaW and YeaX
may further modify γ-butyrobetaine to TMA because of its substrate promiscuity [97,105].
Therefore, while TMA can be generated from various dietary quaternary amine-containing
semi-essential nutrients, most studies focus on choline metabolism via CutC and CutD.
Because TMA-producing species and genes are now well-defined, some studies propose
personalized strategies based on the TMA productivity of an individual’s microbiome [96].
These strategies include drug and dietary interventions generally aimed at reducing TMAO
levels due to their association with CVD and other chronic diseases [78,106–110]. While
the common insulin sensitizing drug Metformin decreases gut bacterial TMA production
and eventual serum TMAO levels in T2D model mice [111], iodomethylcholine and 3,3-
dimethyl-1-butanol directly inhibit the microbiota TMA [78,112]. Although the substrates
for the TMA-producing enzymes are largely dietary, it must be noted that the choline
moiety is also present in endogenous bile acids which are absorbed and recycled [113,114].
Therefore, the presence of TMA-producing species in the microbiota may be more criti-
cal to overall TMAO production and accumulation than the dietary make-up [78]. This
conclusion highlights how dietary interventions to reduce meat, milk, and eggs is not
always effective at reducing serum TMAO levels. Together these studies establish that
microbiota metabolism of choline related nutrients produces the obligatory TMA precursor
for TMAO production.

Convincing antibiotic studies further validate the primary role of the intestinal micro-
biome in TMAO production and accumulation. When the microbiome is intact and diets are
supplemented with substrates, circulating TMAO levels increase predictably [36,91]. When
the microbiome is absent, as in gnotobiotic or antibiotic treated animals, TMAO levels and
its subsequent effects are blocked [42,91,115–117]. In humans, broad-spectrum antibiotics
significantly reduce serum TMAO levels which recover after treatment is withdrawn [118].
When gnotobiotic animals are colonized by TMA producing human gastrointestinal isolates,
serum TMAO levels increase [95]. These levels also increase when TMAO is supplemented
directly [36]. Fish meat containing high levels of TMAO increased serum levels within
15 min of consumption, indicating that TMAO can also be absorbed at the small intes-
tine [19]. In vitro research shows that TMA can be oxidized by reactive oxygen species
(ROS) which may play a role during intestinal inflammation [119,120]. Hence, many animal
studies use TMAO supplementation to effectively model elevated levels reported in the
clinical setting; however, this model is most appropriate for research investigating high
fish consumption or inflammatory bowel disease. Other radiolabeled TMAO feeding
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studies show that TMAO retroconversion to TMA by the microbiome is also possible [21].
This retroconversion is the hallmark of trimethylaminuria, also called fish odor syndrome
because this reaction is also present in rotting fish [121–125]. Together, these findings
demonstrate that while dietary TMAO can be directly absorbed at the small intestine,
microbiome metabolism of choline at the large intestine generates the bulk of TMA levels
which are absorbed and delivered to the liver via the portal vein.

2.2. Hepatic TMAO Production

The flavin-containing monooxygenase (FMO) enzyme family, which is highly ex-
pressed in the liver, converts TMA to TMAO. TMA is taken up by hepatocytes and oxidized
to TMAO by FMO enzymes which function in the same way as cytochrome P450 oxi-
doreductases [126]. FMO enzymes are located at the endoplasmic reticulum (ER) and
oxidize a broad range of neutrophilic substrates with flavin adenine dinucleotide (FAD)
and nicotinamide adenine dinucleotide phosphate (NADPH) cofactors [126]. Their capacity
to oxidize TMA was established in the 1960s through fish cell biology research and has
since been identified as a liver-specific process in many vertebrates [4,5]. Humans have
FMO enzymes 1 through 5 with each isoform expressed in a tissue dependent manner.
FMO3 and 5 are liver-specific and have the highest overall expression [32,126–129]. FMO3
has a 10-fold higher TMA specific activity than FMO1 in vitro [32,130]. Baseline FMO3
expression is contingent on age and sex such that adults have higher expression than
children younger than 6 years old and females have higher levels than males [32,48,131].
Therefore, a common research strategy is to use adult female subjects to investigate FMO3
overexpression and inhibition predictably increases and reduces serum TMAO levels
respectively [32]. Serum TMAO levels peak 4 h after nutrient precursor consumption
illustrating the stepwise TMAO formation via microbial metabolism, intestinal absorption,
and hepatic oxidation [132]. TMAO can be excreted from hepatocytes into the serum by
organic cation transporters or it may remain intracellular to influence hepatocyte metabolic
functions as will be discussed below [133]. Therefore, after microbiota metabolism of
dietary nutrients, FMO3 represents the final step of host mediated TMAO production.

The diet influences TMAO formation not only by providing substrates to the micro-
biome for TMA production, but also by indirectly regulating FMO3 expression. This control
is evident in choline, carnitine, and TMAO supplementation studies, which predictably
increased circulating TMAO levels, but also enhanced FMO3 expression [36,91]. This
elevated expression may be compensatory due to increased TMA substrate load but may
also represent FMO3 expression regulation by TMAO [36]. Mice models of over-nutrition
have elevated FMO3 expression [36,93,117,134]. Conversely, one hepatocyte cell culture
study showed that free fatty acid treatment inhibited FMO1, 3, and 5 expression [135]. Still,
either by providing the TMA precursor or by some other indirect regulating mechanism,
the diet alters FMO3 expression.

The diet further affects FMO3 expression through metabolic hormone regulation.
Glucagon and corticosteroids, which drive anabolic pathways in the fasted state, induce
FMO3 expression up to 14-fold and significantly increase TMAO accumulation [48]. Insulin
induces anabolic pathways during the fed state and suppresses FMO3 expression by 60% in
primary rat hepatocytes [48]. Inhibition of phosphoinositide 3-kinase (PI3K), a downstream
insulin signaling effector, blunted insulin’s inhibitory effect [48]. Non-biased metabolomic
studies identified TMAO and FMO3 as targets of insulin signaling [48]. In fact, FMO3
expression in mice modelling insulin resistance surpassed expression rates under glucagon
stimulation and illustrate that insulin’s inhibition of FMO3 eclipses the induction observed
under high glucagon conditions [48,136]. Conversely, insulin treatment did not affect
FMO1 activity in healthy wildtype rats [137]. This discrepancy in insulin’s regulation of
TMAO production supports the hypothesis that TMAO may work differently under healthy
conditions compared to insulin-resistant conditions. In conclusion, the most convincing
studies show that insulin signaling is sufficient to impede FMO3 expression and TMAO
production which are induced by glucagon during the fasted state.
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Clinical data from insulin resistant patients confirm that metabolic hormones regulate
FMO3 expression. Obese patients fasting prior to bariatric surgery had higher FMO3
levels compared to control patients [48]. Of the patients, 79% were diabetic and most were
treated with insulin sensitizing drugs. These results strongly confirm that insulin resistance
combined with glucagon signaling during fasting drives FMO3 expression. However,
unlike the animal studies [48,136], improved insulin signaling due to drug interventions
could not overcome these effects. This study speaks to the dysregulated hormonal condition
of T2D where insulin resistance may limit an important check on FMO3 expression and
allow elevated TMAO production and accumulation [48].

A final known regulator of FMO3 expression is the bile acid-activated farnesoid X
receptor (FXR). FXR loss and gain of function experiments link FMO3 transcriptional
regulation to lipogenic pathways [32,48]. BA-bound FXR increases FMO3 expression 17-
fold and overexpression of FXR induces FMO3 expression in a dose-dependent manner [48].
Studies identified an FXR response element in the FMO3 promoter and FXR regulation
was eliminated when this region was mutated [32,48]. These results confirm that FXR
directly binds the FMO3 promoter in animals consuming diets ranging from over-nutrition
to healthy controls in [32,48]. Together these studies show that hepatic TMAO production
by FMO3 is controlled by BA-bound FXR transcriptional regulation along with insulin
hormonal regulation.

2.3. Renal TMAO Filtration

Kidney function plays a final role in managing circulating TMAO levels. In healthy
subjects, TMAO is efficiently excreted in the urine to maintain serum levels below about
10 μM [60,71,129,138]. Glomerular filtration and uptake by proximal tubular cells through
organic cation transport proteins regulates circulating TMAO and prevents excess accumu-
lation [133,139,140]. While small amounts may be secreted as TMA after retroconversion, re-
nal FMO3 and 1 expression accounts for over 96% being excreted as TMAO [128,129,141,142].
Although urine TMAO levels correlate to serum levels and are often reported in TMAO
research, the best studies report serum levels which better represents the combined TMAO
regulation from the microbiome, liver, and kidney [90]. Indeed, in a case of elevated protein
intake resulting in elevated TMAO production, renal excretion of TMAO was unexpectedly
decreased due to individualistic factors including these regulatory tissues [143]. Therefore,
proper kidney function represents the final check on serum TMAO accumulation.

When kidney function is impaired, as in CKD associated with T2D, elevated TMAO
levels range from 20 μM to greater than 100 μM [49,106,144–148]. CKD progression is
associated with elevated TMAO levels such that stage 4 and 5 CKD patients had dispropor-
tionately elevated serum TMAO levels compared to stage 1 to 3 CKD patients [145,148,149].
Deleterious kidney mechanisms including reduced glomerular filtration rate, fibrosis, and
loss of tubular function are associated with elevated serum TMAO [55,150,151]. One
study on coronary artery disease patients showed a relationship between TMA levels and
glomerular filtration rate [152]. In treating CKD, loop diuretics aggravate the elevated
TMAO levels whereas renal transplantation dramatically reduces levels, highlighting that
proper renal filtration is sufficient to limit TMAO accumulation [67,153,154]. Together,
these data demonstrate that after precursor TMA production by the intestinal microbiome
and hepatic conversion to TMAO by FMO3, renal filtration is the final regulator of circulat-
ing TMAO levels. Differences in any step of this TMAO production and accumulation may
explain the extreme variability in serum TMAO levels observed clinically [155]. Despite this
variation, accumulated serum TMAO can affect metabolic functions in tissues throughout
the body (Figure 2).
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Figure 2. TMAO Effects on Metabolic Tissues. Elevated serum TMAO is generally associated
with metabolic diseases and molecular effects are mainly observed in pathogenic and not healthy
conditions. Molecular TMAO effects are best defined in hepatocytes where it worsens reverse
cholesterol transport and drives non-alcoholic liver disease and gallstone formation. However,
TMAO also improves oxidative and endoplasmic reticulum (ER) stress associated with hepatic
insulin resistance. While poor renal function drives TMAO accumulation, it in turn aggravates
chronic kidney disease. Although direct mechanisms are unclear, TMAO is associated with cognitive
diseases including autism spectrum disorder and Alzheimer’s disease. Interestingly, TMAO is liked
with increased adiposity associated with obesity and type 2 diabetes (T2D), but it also reduces
adipocyte ER stress. In cardiovascular disease research, TMAO may increase or decrease cardiac
muscle hypertrophy associated with heart failure. In skeletal muscle, TMAO benefits enzyme kinetics
but is debated to drive insulin resistance. Therefore, TMAO effects may be positive or negative
depending on the context of metabolic disease and molecular mechanisms are not well understood.
This figure was created with biorender.com.

3. TMAO Effects on Metabolic Tissues

3.1. TMAO Effects on Liver Function

Because TMAO is produced by hepatic FMO3, potentially higher local concentrations
affect liver metabolic functions. Because of the association between elevated serum TMAO
levels and various liver diseases, TMAO effects are generally considered deleterious, how-
ever TMAO is debated to have beneficial roles in some cellular contexts. Non-alcoholic
fatty liver disease (NAFLD) is characterized by hepatic lipid accumulation and is associ-
ated with obesity, T2D, and insulin resistance which are also linked to elevated TMAO
levels [48,156,157]. NAFLD patients and high fat high cholesterol diet fed animal models
demonstrate elevated TMAO compared to healthy controls [134,158]. Hepatic TMAO
levels are associated with markers of poor liver function including steatosis, serum bile
acid levels, and inflammation in patients stratified by disease severity [159]. Gallstones
and primary sclerosing cholangitis involve dysregulated hepatic bile formation and are
associated with increased serum TMAO levels [36,160]. Cholangitis patients with serum
TMAO levels over 4 μM have shorter liver transplant free survival rates [160]. Although
these studies do not demonstrate a mechanistic role for TMAO at the liver, they provide
the clinical rational for molecular research on TMAO effects on liver function.
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Mouse liver disease models more directly link TMAO to altered hepatic function.
In these models, over-nutrition induces disease phenotypes including increased hepatic
lipogenesis rates, steatosis, serum aspartate transaminase or alanine transaminase levels,
and insulin resistance, which are associated with elevated serum and urine TMAO lev-
els [134,156]. While most studies use female mice, some report TMAO accumulation and
aggravated liver disease in male mice which are known to have a lower basal expression of
hepatic FMO3 and lower average TMAO production than females [32,48,142]. Despite the
potential inhibition from androgen hormones in these male mice, the high fat diet signifi-
cantly increased TMAO levels and escalated liver disease phenotypes [134]. Interestingly,
TMAO supplementation in chow fed male mice did not exhibit altered steatosis scores [134].
Similarly, in healthy elderly female patients taking carnitine supplements, plasma lipid
and inflammation markers were not associated with TMAO accumulation, presumably
because carnitine is a poor TMA pre-curser as described above [103,104]. These studies on
healthy subjects may also demonstrate that TMAO may not influence hepatic functions in
a disease-free environment [103,104,134]. In gallstone susceptible mice, a high cholesterol
lithogenic diet combined with TMAO supplementation demonstrated increased gallstone
formation [36]. Even gallstone resistant mice developed gallstones on the same dietary
regimen yielding 7 μM serum TMAO levels [36]. These various liver disease model studies
further associate elevated TMAO with poor liver function and motivate a deeper look at
TMAO molecular effects.

The liver is a major insulin sensitive tissue assisting with blood glucose management.
In healthy conditions, proper insulin signaling upregulates glycogen and lipid synthesis to
reduce blood glucose levels. TMAO is however linked to insulin resistant conditions result-
ing in elevated blood glucose levels. In mice modeling hepatic insulin resistance, TMAO
reduction by FMO3 knockdown prevented hyperlipidaemia [48]. TMAO supplemented
high fat diet fed mice had decreased glycogen synthesis and FMO3 knockout mice with
reduced TMAO levels had increased synthesis which connects TMAO to hepatic insulin
resistance [161,162]. Gluconeogenic genes glucose 6-phosphatase (G6pase) and phospho-
enolpyruvate carboxykinase (PEPCK) typically suppressed by insulin were concomitantly
upregulated in the liver, muscle, and adipose tissue of TMAO supplemented mice [161].
Furthermore, FMO3 overexpression in hepatic cell cultures increased glucose secretion,
which is also typically suppressed by insulin [162]. Finally, TMAO induction of insulin re-
sistance was more directly measured by reduced expression of the insulin signaling cascade
including insulin receptor substrate 2 (IRS2), PI3K, RAC-β serine/threonine-protein kinase
(AKT) and glucose transporter 2 (GLUT2) [161]. These studies demonstrate that TMAO
drives T2D associated insulin resistance by downregulating hepatic insulin signaling.

3.1.1. TMAO and Reverse Cholesterol Transport

The liver is essential for lipid metabolism and regulates cholesterol levels. After
dietary lipids, including cholesterol, are trafficked as apolipoproteins to deliver substrates
to target tissues, the excess returns to the liver through reverse cholesterol transport (RCT).
This cholesterol is metabolized to bile acid stored at the gallbladder until secreted for intesti-
nal dietary lipid emulsification, digestion, and absorption. Bile acids are either reabsorbed
by enterocytes or excreted in the feces, an important cholesterol efflux route. Impaired RCT
is associated with CVD and NAFLD and increased bile cholesterol content is connected
to gallstone formation and elevated TMAO levels are linked with both pathogenic path-
ways [36,51,91,117]. Conversely, intestinal TMAO effects relating to RCT are beneficial and
are discussed further below. Rodent FMO3 overexpression elevated plasma cholesterol
levels by 20% and FMO3 knockdown reduced plasma and hepatic lipid levels indicative of
NAFLD [117,162]. Since TMAO reduction by FMO3 knockout decreased bile cholesterol
content, elevated TMAO presumably drives gallstone formation [32]. Most liver-specific
findings indicate that altering TMAO levels is sufficient to alter cholesterol flux through
RCT via bile acid and cholesterol synthesis. Therefore, these studies set the precedence
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for using NAFLD and gallstone formation models to investigate the molecular pathways
involved in hepatic TMAO effects.

The RCT rate and hepatic cholesterol pool is controlled by cholesterol transporters and
synthesis enzymes, which are altered by TMAO. Low-density lipoproteins and high-density
lipoproteins are a major source of the hepatocyte cholesterol pool, and their receptors
include low-density lipoprotein receptor (LDLR) and scavenger receptor class B type 1
(SRB1). Alternatively, cholesterol and bile acids can be taken up through transporters
sodium/taurocholate co-transporting polypeptide (NTCP) and organic-anion-transporting
polypeptides (Oatp1 and Oatp4), which are upregulated in hepatocytes cultured with
supra-physiological 250 μM TMAO [36]. This upregulation by TMAO is validated in
gallstone-susceptible mice with 6 μM serum TMAO and in gallstone patients with 3.3–4 μM
serum TMAO [36]. One study on NAFLD patient biopsies also demonstrated no change
in NTCP levels [134]. Despite some inconsistency, the evidence supporting that TMAO
increases hepatic cholesterol uptake is convincing because results are validated in human
subjects with both extremely elevated and slightly elevated TMAO levels [36].

Hydroxymethylglutaryl-CoA synthase 1 (HMGCS1) is the key regulated enzyme
for endogenous cholesterol synthesis which contributes to deleterious hepatic cholesterol
accumulation. Mice with reduced TMAO levels from FMO3 or FMO5 deficiency had
downregulated HMGCS1, supporting the hypothesis that TMAO increases cholesterol syn-
thesis [163]. Similarly, triacylglyceride synthesis was increased with FMO3 overexpression
and decreased with knockout [162,163]. Furthermore, malic enzyme 1, which produces
NADPH used in lipid biosynthesis, was decreased in FMO5 knockout mice [163]. Increased
hepatic cholesterol can be further metabolized to BA. Bile acid synthesis is primarily regu-
lated by cholesterol α-hydroxylases (Cyp7a1 and Cyp27a1). Male wildtype high fat diet fed
mice and NAFLD patients present elevated serum TMAO and increased Cyp7a1 expres-
sion [134]. Cyp7a1 levels are also elevated in female apolipoprotein E knockout mice on
a chow diet with choline supplementation [164]. These studies expand the lipogenic role
for TMAO to include the production of endogenous lipids cholesterol, triacylglycerides,
and bile acids. Therefore, TMAO increases the hepatic cholesterol pool by upregulating
lipid uptake and synthesis which validates the aggravated hepatic lipid accumulation
observed clinically.

Cell culture, animal, and clinical research shows that TMAO alters canalicular choles-
terol and bile acid transport to promote gallstone formation. The ATP binding cassette
transporters (Mrp2, BSEP, ABCG5, and ABCG8) are located at the cholesterol-rich apical cell
membrane on hepatocytes. Their sterol and bile acid substrates are stored in the gallbladder
until they are secreted to aid in intestinal lipid digestion and may eventually be excreted in
the stool. ABCG5 and ABCG8 primarily transport sterols, including cholesterol, whereas
BSEP transports bile salts. Expression of these transporters control the cholesterol to bile
acid ratio at the gallbladder which when increased can gallstone formation. Hepatocytes
cultured with TMAO had increased ABCG5 and ABCG8 levels, while TMAO reduction by
FMO3 knockout decreased expression [36]. Data from genetic or over-nutrition induced
gallstone formation models support this finding [36,117]. Similarly, patients with gallstones
had increased ABCG5 and ABCG8 levels and decreased BSEP levels [36]. FMO3 loss or
gain-of-function experiments in cholesterol fed mice demonstrated that TMAO induces
ABCG5 and ABCG8 expression, and presumably increases bile cholesterol content to drive
gallstone formation [117]. Together, these data illustrate that TMAO induces canalicular
cholesterol transport in preference over BAs and promotes gallstone formation.

In contrast to the deleterious TMAO effects on hepatocytes, TMAO may trigger in-
teresting beneficial changes at the intestines related to RCT and cholesterol efflux [51].
Dietary cholesterol and endogenous bile acids in the lumen of the intestine are absorbed by
enterocytes, packaged into apolipoproteins, and delivered to the lymphatic system. The
transporter niemann-pick C1-like 1 (Npc1l1) is critical for cholesterol absorption into ente-
rocytes. While there is some debate, TMAO generally reduces Npc1l1 which presumably
combats high blood cholesterol levels associated with CVD and CKD [117,162]. TMAO
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supplementation in high cholesterol diet fed mice reduced Npc1l1 levels and cholesterol
absorption rates by 26% [91,165]. Conversely, cholesterol may be transported out of en-
terocytes and into the lumen via ABCG5 and ABCG8 for fecal excretion. As shown in
hepatocytes, TMAO supplementation increased enterocyte ABCG5 and ABCG8 expres-
sion and decreased TMAO from FMO3 knockout blunted expression [91,162,165]. While
in hepatocytes this elevated expression increased bile cholesterol content and promoted
gallstone formation, in enterocytes this elevated expression may benefits cholesterol ef-
flux [117,166]. Therefore, intestinal TMAO effects could combat chronic diseases associated
with cholesterol accumulation including obesity, CVD, NAFLD, and gallstone formation. It
must be noted however that since TMAO is produced at the liver and not in the intestine
as described above, results on enterocyte changes from TMAO feeding studies my not be
physiologically relevant except when high fish consumption or inflamed bowel disease
is considered.

A final regulator of hepatic cholesterol metabolism affected by TMAO is FXR which
can be bound by various agonist or antagonist BA. Because TMAO influences bile acid
formation, it alters the FXR ligand abundance which ultimately impacts its regulation of
lipogenic pathways, including cholesterol metabolism and bile acid synthesis. Agonist-
bound FXR activates small heterodimer partner (SHP) which inhibits the lipogenesis
regulator sterole regulatory element-binding protein 1 (SREBP1c) to reduce cholesterol
and bile acid synthesis [167,168]. Conversely, antagonist-bound FXR inhibits SHP, leaving
cholesterol and bile acid synthesis active. Most studies show that TMAO drives the agonist-
bound FXR inhibition of SREBP1c and the bile acid synthesis enzyme Cyp7a1 [91,117,164].
However, one study using cellular, animal, and clinical data showed that TMAO increased
lipogenesis similar to antagonist-bound FXR studies [134]. Because of this confusion, more
research is needed to decipher the positive or negative effects that TMAO exerts on FXR
regulation via altering its ligand abundance.

In the context of liver cholesterol metabolism during pathogenic conditions, studies
generally show that TMAO is deleterious to liver function. In terms of hepatic cholesterol
uptake, synthesis, and canalicular transport, TMAO plays a negative role. It aggravates
NAFLD by increasing hepatic cholesterol content and exacerbates gallstone formation
by elevating biliary cholesterol content. In experiments surrounding bile acid synthesis
and bile acid-bound FXR transcriptional activity there are conflicting results. Interestingly,
cholesterol absorption and excretion transporters at the enterocyte are regulated by TMAO
in a similar manor to hepatocytes, but the phenotype may be considered beneficial. While
more research on the RCT system is needed to clarify some details, hepatic molecular
studies typically highlight TMAO as an aggravator of poor liver cholesterol metabolism
leading to NAFLD and gallstones.

3.1.2. TMAO, Oxidative Stress, and Endoplasmic Reticulum Stress

Contrary to the previous reports that TMAO aggravates liver diseases, some studies
show that TMAO may beneficially combat cellular stresses. There is a close relationship
between ER stress and oxidative stress exerted by deleterious ROS. Both stresses are clearly
implicated in chronic liver diseases [116,169–171]. Although it is well established that
TMAO increases oxidative and ER stress levels in arterial tissue, studies in other tissue types
including hepatocytes report a surprising beneficial role for TMAO [94,116,172–174]. In fish,
TMAO is an important osmoregulator for maintaining proper cell volume during osmotic
pressure [175,176]. The promoter region of FMO genes in many fish species have putative
osmoregulatory response elements [177]. When accumulated, urea and other ER stressors
cause protein denaturation or mis-folding, against which TMAO is protective [175,178–182].
Thus, TMAO is also defined as a protein folding chaperone which reduces ER stress
and the resultant unfolded protein response (UPR) leading to apoptosis [16,183]. Recent
molecular dynamics studies show that TMAO acts as a surfactant between the folding
protein and its aqueous environment by reorganizing the hydrogen bond network to
selectively stabilize proteins experiencing structural collapse [17,182,184,185]. Indeed,
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many molecular experiments investigating ER stress and the UPR, including those using
primary human tissues, use TMAO treatments as experimental controls [186–188]. As a
chaperone, TMAO is, therefore, a strong candidate for combating oxidative ER stress and
the UPR relevant to many chronic diseases including insulin resistance [189].

Cell culture and animal studies validate this beneficial TMAO effect in hepatocytes
modeling various metabolic diseases. Over-nutrition-induced NAFLD model mice supple-
mented with TMAO had reduced liver damage as measured by serum aspartate transami-
nase and alanine transaminase levels [165]. TMAO also improved cholesterol metabolism
by reducing liver and serum cholesterol and serum low density lipoprotien levels which
correlated with downregulated ER stress, UPR, and apoptosis genes [165]. Similarly, palmi-
tate induced chronic ER stress associated with hepatic insulin resistance was reversed by
short and long-term TMAO treatments [171]. However, one palmitate induced oxidative
stress study showed that TMAO reduction by FMO3 knockdown reduced palmitate in-
duced ROS levels by 20% [135]. In high cholesterol diet fed mice, TMAO supplementation
reduced ER stress and inflammation [117]. As discussed earlier, this study investigated the
RCT in FMO3 knockdown mice and identified a reduction in oxysterol availability. Since
oxysterols are a bile acid ligand for the transcription factor liver X receptor (LXR), they
measured the bile acid-bound LXR transcriptional suppression of the inflammation and
ER stress response in hepatocytes. In the absence of TMAO, inflammation was increased
by macrophage-derived proinflammatory cytokines and ER stress genes associated with
fatty acid-induced stress. FMO3 overexpression downregulated the relevant deleterious
genes [117]. Despite some debate, in vitro and in vivo studies generally demonstrate that
TMAO protects against hepatic ER stress and the associated inflammation and apoptosis at
the transcriptional level [117,165,171].

One robust study identified that TMAO directly binds an ER stress response protein
which may underpin the beneficial TMAO effects described. Using healthy and ER stress
animal and hepatocyte models, this study showed that TMAO upregulated UPR and apop-
tosis genes which were reversed by FMO3 knockdown [136]. Furthermore, radiolabeled
TMAO co-precipitated with the protein kinase R-like ER kinase (PERK) indicating direct
binding between TMAO and the UPR regulating transcription factor. Seemingly, these
findings contrast with the earlier results showing that TMAO reduced ER stress, UPR,
and apoptosis gene expression [165]. However, activation of the UPR during acute ER
stress by PERK is debatably adaptive [190]. Acute PERK activation reduces ROS and
preserves proteostasis, redox homeostasis, and mitochondrial function [191–194]. Indeed,
this study is the first to identify a direct binding effect of TMAO during short-term ER
stress conditions [136]. Together with other studies, these findings demonstrate a uniquely
beneficial role for TMAO in healthy and pathologic hepatocytes [117,165,171].

TMAO effects on ER and oxidative stress are of particular interest to metabolic disease
research. Reducing ER stress is sufficient to normalize phenotypes including hyperglycemia
and insulin sensitivity by improving insulin action at the liver [195]. These hepatocyte
studies elucidate that TMAO reduces ER and oxidative stress and limits the UPR and
apoptosis. Other chronic diseases implicated by these cellular stresses include CVD,
NAFLD, obesity, T2D, CKD, and cognitive diseases where TMAO effects the various
tissues relevant to each disease as discussed below. The molecular studies mentioned
here provide evidence through short and long-term studies with low and high TMAO
concentrations using in vivo, ex vivo, and in vitro experiments. Therefore, strong evidence
supports the hypothesis that, similar to its beneficial effects in fish cell biology, TMAO
plays a beneficial oxidative and ER stress-mitigating role in human physiology. Further
research will help to elucidate the various health conditions where this beneficial TMAO
effect is most relevant to clinical outcomes.

3.2. TMAO Effects on Kidney Function

While TMAO can accumulate due to poor filtration during CKD, some studies sug-
gest that TMAO aggravates CKD in turn. CKD animal models are used to investigate
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potential mechanisms that underpin TMAO elevation beyond that expected with impaired
kidney during CKD [55,147,196]. The TMAO mechanisms related to CKD involve crosstalk
between the TMAO producing tissues including the intestinal microbiome, liver, and
kidney. Fecal transplants from CKD or healthy patients to antibiotic treated mice altered
the microbiome with a bias toward opportunistic TMA producing species [147]. CKD
mouse models have upregulated hepatic FMO3 which highlights the liver involvement
in CKD [146]. Hepatic FMO3 genetic allelic variants corresponding with elevated TMAO
production are also associated with CKD [197]. FMO3 also has higher substrate affinity
in CKD animals, suggesting that elevated serum TMAO levels may be dependent on
hepatic function independent of the low filtration rates expected during CKD [145,197].
FMO3 kinetic studies utilizing FMO3 inhibitors and activators with CKD or healthy control
serum found that CKD serum contains an unknown compound which induces FMO3 [145].
While TMAO is a candidate for this regulatory effect, its involvement was not directly
measured [145]. Together these studies allude to potential inter-tissue signals driving
TMAO accumulation beyond the levels expected during CKD. But further studies are
required to establish kidney-specific molecular actions of TMAO.

Molecular studies are required to elucidate mechanisms linking TMAO and CKD
development. Clinical studies categorize TMAO as a uremic toxin which induce patho-
physiologic changes implicated in CKD [144,154,198]. Increased TMAO levels at a healthy
baseline predicts future CKD development and 5-year mortality risk after controlling for
traditional CKD risk factors [199,200]. In over-nutrition animal studies, choline or TMAO
supplementation raised serum TMAO levels which corresponded with CKD phenotypes in-
cluding collagen deposition, tubulointerstitial fibrosis, and kidney injury markers [150,173].
The TMA production inhibitors iodomethylcholine and 3,3-dimetyl-1-butanol reduced
TMAO levels in CKD and obesity mice models and improved renal function by suppressing
tubulointerstitial fibrosis and collagen deposition [106,173]. While other clinical studies
argue no relationship between TMAO and CKD [201], or only report a deleterious asso-
ciation [55], these molecular studies begin to define kidney-specific TMAO effects which
aggravate CKD pathogenesis.

Contrary to the deleterious TMAO effects observed in CKD, TMAO shows positive
and negative effects on kidney function in the context of CVD. During a 58-week study on
rats modeling heart failure, all the rats supplemented with TMAO with about 40μM serum
levels survived whereas 3 of the un-supplemented group died from ischemic stroke or
lung edema [202]. This increased survival corresponded with increased diuresis. Although
protein expression across the renin-angiotensin pathway was altered in the TMAO group,
this did not affect sodium or potassium tubular transport. Therefore, the beneficial diuretic
effect of TMAO was attributed to the osmotic activity of TMAO which decreased the
reabsorption of water [202]. In atherosclerosis model mice, TMAO inhibition protected
against poor renal phenotypes and suggests that inhibiting microbiota TMA production
is a potential treatment for renal damage during CVD [203]. These mixed TMAO effects
possibly depend on the animal model used which highlights how careful selection of
animal models is critical to investigating clinically relevant molecular effects of TMAO.
Together these studies illustrate that TMAO is generally deleterious for CKD, but its effects
on renal damage during CVD are still unclear.

3.3. TMAO Effects on Brain Function

TMAO crosses the blood–brain barrier, making it a candidate for influencing cog-
nitive function and neurological diseases [93,129,204–206]. Research on the gut–brain
axis reveals that microbiome alterations accompany changes to the cardio-sympathetic
nervous system, the central nervous system, and brain chemistry [207–209]. Many bacteria
species and their metabolite products regulate neurotransmitter expression associated with
physiological and psychological stress [209–211]. Clinical and animal research on aged indi-
viduals highlight a connection between oxidative stress or inflammation and TMAO during
age-related microbiome remodeling and cognitive deficiency [93,94,116,205,211–214]. Con-
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versely, TMAO treatment on hippocampal sections induced oxidative and ER stress [93].
Studies on traumatic brain injury demonstrate that TMAO reduced expression of a protec-
tive antioxidant enzyme in the hippocampus, whereas treatments for reducing the injury
reduced TMAO [214,215]. One study supports fecal transplants as a means of reducing
TMA and TMAO production to treat stroke patients [215] Others report no relationship
between TMAO and oxidative stress in healthy human or animal subjects and, therefore,
highlight that TMAO’s deleterious cognitive effects may be dependent on an already dis-
eased condition [214,216–218]. Interestingly, TMAO alleviated neuronal dysfunction by
abrogating ER stress in diabetic neuropathy models [219]. These studies further validate
that TMAO effects on neuronal tissue are context-dependent.

Cognitive disease studies demonstrate a tandem increase in oxidative stress and
TMAO concentration and suggest deleterious TMAO effects at the brain. Autism spectrum
disorder is associated with microbiome composition changes, inflammation, and oxidative
stress [220–223]. Autism spectrum patients with higher severity scores have higher serum
TMAO levels [224]. Animal models show TMAO supplementation disrupts the blood
brain barrier by decreased tight junction proteins [181,225]. The heat shock protein 70 is
a degradation regulator of proteins damaged by oxidative stress in barrier cells where
disruption is implicated in many cognitive diseases [226,227]. Conversely, the protein
folding chaperone capacity of TMAO may prevent aggregation of proteins associated
with other neurodegenerative diseases including Parkinson’s, dementia, or Alzheimer’s
disease [228–231]. However, it must be noted that the in vitro studies investigating this
potential use supra-physiological levels of TMAO ranging from 100 mM to 2M [228,229].
Thus, because the clinical relevance of beneficial TMAO effects on neurodegenerative
disease is not well established, reducing TMAO levels seems a more promising strategy for
slowing the progression of neurological diseases.

TMAO is a biomarker in Alzheimer’s disease and studies identify a molecular link
between TMAO, oxidative stress, and poor neuronal health [205]. An Alzheimer’s disease
computational model ranked TMAO as the top associated metabolite and proposed that
it may compound with other genetic and neurological factors during pathogenesis [29].
Nine molecular pathways linked elevated TMAO and Alzheimer’s disease, including
various neuronal pathways, lipid and protein metabolism, the immune system, and ephrin
receptor signaling [29]. Ephrin receptors are a subfamily of receptor tyrosine kinases which
are integral to the function of secretory cells, including neurons and pancreatic insulin
secreting β-cells [232–234]. Therefore, alterations in the ephrin forward signaling could
link TMAO to Alzheimer’s disease and diabetes. Downstream, the metabolic regulator
protein mechanistic target of rapamycin kinase (mTOR) is inhibited in the neurons of
TMAO supplemented aged mice [235]. Following mTOR inhibition, increased oxidative
stress and mitochondrial impairments lead to synaptic damage in the hippocampus which
culminated in reduced spatial working memory indicative of the aged cognitively deficient
phenotype [235]. Another metabolic regulator protein peroxisome proliferator activated
receptor α (PPARα) is implicated in AD, T2D, and NAFLD [236]. FMO3 kockout mice
had decreased hepatic PPARα expression [162]. Although this study did not investigate
brain tissue levels, the hepatic results expand the known TMAO effects on metabolic TFs
expression. While direct metabolic TMAO mechanisms are not yet established in brain
tissues, these studies demonstrate that TMAO inhibits integral neuronal processes via
transcription factor inhibition, oxidative damage, and altered lipid metabolism, which
culminates in age-related neurodegenerative disease progression.

3.4. TMAO Effects on Adipose Function

Elevated TMAO increases adiposity associated with various metabolic diseases whereas
decreased TMAO triggers beneficial changes in adipose tissue [132,237,238]. In humans
and mice, TMAO levels increase with body mass index and visceral adiposity [237,239].
TMAO levels over 8.2 μM predict the metabolic syndrome associated with obesity [237].
Obese mice have elevated TMAO levels [157,240] and TMAO reduction by FMO knockout
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produces leaner mice [157,163,241]. This decreased adiposity coincided with increased
metabolic flexibility in the white adipose tissue which is more typical in brown adipose
tissue [157]. Furthermore, FMO3 knockout prevented obesity in insulin resistant high
fat diet fed mice and increased brown adipocyte gene expression [157]. FMO5 knockout
mice had greater leanness due to a 55% increase in fatty acid oxidation compared to
controls [163]. The reduced adiposity in FMO1, 2 and 4 knockout mice was attributed to
a futile cycle in triglyceride catabolism and re-esterification [241]. These results show a
positive correlation between TMAO levels and adiposity where FMO3 knockout enabled a
beneficial energy consuming phenotype.

Data further suggest that elevated TMAO levels enhance adipocyte insulin resistance
and inflammation. Insulin signals exocytosis of adipocyte glucose transporter GLUT4 to
help regulate blood glucose which is obstructed by TMAO. TMAO supplements in high fat
diet fed mice modeling insulin resistance and inflammation demonstrated elevated fasting
insulin levels and reduced insulin signaling cascade expression along with increased in-
flammation markers [161,242–245]. These markers included pro-inflammatory adipokines,
which regulate insulin sensitivity in other metabolic tissues and coincide with insulin
resistance and chronic low-grade inflammation [244,246,247]. These results indicate that
elevated TMAO generally worsens adipocyte insulin resistance and drives inflammation
during obesity.

Conversely, TMAO is linked with reduced adipocyte ER stress and improved insulin
sensitivity. In one study, the pre-intervention urine TMAO levels predicted obesity through
increased weight gain, body mass index, and adiposity [239]. However, after 5 weeks of a
high fat diet, increased TMAO correlated with reduced adiposity. These surprising results
corresponded with downregulated ER stress, lipid biosynthesis, insulin signaling, and
adipocyte differentiation genes [239]. Reduced TMAO levels in FMO1, 2 and 4 knockout
mice had 64% reduced GLUT4 expression indicating that TMAO levels are correlated
to GLUT4 expression and may benefit insulin sensitivity [241]. Since these effects were
not observed in healthy mice, this study supports the hypothesis that a stressed cellular
environment elicits TMAO effects that are not apparent in healthy conditions [242]. In
contrast to previous studies, these studies illustrate that TMAO can beneficially combat
high fat diet-induced adiposity by improving insulin sensitivity and reducing ER stress
which was further validated in other tissues including liver, muscle, and pancreatic β-
cells [239]. When adipocyte studies using similar high fat diet models are aggregated, the
bulk support deleterious TMAO effects, but a few purport beneficial effects. Therefore,
further research is needed to clarify TMAO’s role in adipocyte function.

3.5. TMAO Effects on Muscle Function

Proper muscle function is vital for metabolic health and TMAO may benefit muscle
tissue under cellular stress. The beneficial protein chaperone role for TMAO is inves-
tigated in muscle tissues similar to the previous hepatocyte studies. TMAO was first
identified as a protein chaperone in fish where it accumulates in muscle tissue and protects
cellular functions from the challenges of the deep-sea environment including osmotic
pressure [180,248,249]. In animal muscle tissue enzyme kinetic studies, TMAO treatment
beneficially increased lactate dehydrogenase (LDH) substrate affinity [250,251]. When urea
treatment inhibited rabbit LDH activity, TMAO addition recovered it to control levels [250].
TMAO also increased chicken skeletal muscle myosin ATPase activity [252]. Again, AT-
Pase activity was inhibited by urea and recovered by TMAO [252]. These in vitro studies
demonstrate that the TMAO protein chaperone capacity is independent of evolutionary
history because its effects on enzyme stability are observed in various species [10–12,14,15].
Because hydrostatic pressure stress is similar between deep-sea conditions and cardiac
muscle contraction during heart failure, these beneficial TMAO effects on LDH are clinically
relevant. However, in heart failure modeling rats, TMAO supplementation did not affect
the tertiary or quaternary structures of LDH [202]. While these in vitro results highlight a
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potential protective TMAO effect on muscle enzyme activity, future in vivo studies may
provide a more convincing connection to clinically relevant cellular conditions.

TMAO effects on cardiac muscle investigated in CVD research report variable results.
While most CVD research investigates TMAO effects on atherosclerosis at the vascular
tissue, some studies investigate cardiac muscle tissue effects independent of vascular dam-
age which relate to metabolic health. Poor cardiac function phenotypes including altered
ventricular wall dimensions, ejection fraction, fractional shortening, and interventricular
wall thickness are worsened by TMAO [24,150,253,254]. The key cardiac muscle functions
contraction and relaxation are also impaired by TMAO. Left ventricle contraction and
relaxation times were prolonged in high fat high carbohydrate diet fed mice [255]. These
times were recovered by TMAO reduction via the intestinal TMAO production inhibitor
3,3-dimethyl-1-butanol [255]. Primary rat cardiomyocytes cultured with 20 μM and 100 μM
TMAO also had prolonged re-lengthening times and decreased fractional shortening [256].
These findings connect TMAO to heart failure [257]. Conversely, human atrial appendage
biopsy tissue cultured with pharmacological concentrations of 300 μM to 3 mM TMAO
had increased contractile tension and rate of relaxation [258]. This enhanced contractility
was attributed to increased calcium signaling in primary animal cardiac tissue cultured
with more physiological 20–100 μM TMAO [256,258]. Furthermore, TMAO supplemented
rats accumulated TMAO in cardiac tissue which coincided with improved mitochondrial
energy metabolism [259]. Other studies suggest that TMA, but not TMAO is deleterious
to cardiac function, however TMA accumulation in cardiac tissue has not been demon-
strated [92,260]. Since these studies show that TMAO can depress and enhance contractile
function, it is unclear if TMAO is beneficial or harmful to cardiac muscle.

In animal models, TMAO alters cardiacmyocytes in potentially beneficial or deleteri-
ous ways. TMAO increases cardiac hypertrophy which may beneficially increase cardiac
output, but can aggravate heart failure when combined with fibrosis, collagen deposi-
tion, and inflammation [254,261,262]. Cardiac fibroblasts cultured with 10 μM, 50 μM,
and 100 μM TMAO had increased proliferation and viability [253]. TMAO and choline
supplemented animals had increased heart weight to body weight ratios and cardiomy-
ocyte fibrosys [23,24,150,253,254,263]. TMAO further increases the risk of heart failure by
altering fuel utilization in cardiac tissue [264–269]. Cardiac biopsies from high fat high
carbohydrate diet fed mice with elevated TMAO levels also showed increased fibrosis and
inflammatory markers [255]. TMAO treatments correspond with elevated ROS levels and
inflammation in cell culture [35,254,256]. In vascular smooth muscle, TMAO treatments
induced ROS accumulation at the mitochondria and increased inflammation while down-
regulating the endogenous antioxidant defense system [35,270]. Other studies contradict
these reports that TMAO worsens cardiac health by reporting no change in TMAO treated
cardiomyocytes or smooth muscle cell viability or ROS levels [92,264,271]. Finally, one
study observed beneficial effects where cardiomyocytes from TMAO supplemented hy-
pertensive rats showed reduced hypertrophy and fibrosis [272]. Therefore, while many
studies support the hypothesis that TMAO drives deleterious cardiac hypertrophy through
fibrosis, inflammation, and ROS accumulation, potentially beneficial TMAO effects on
cardiomyocytes are also reported.

In the metabolic context, insulin-sensitive muscle tissue function helps to regulate
whole-body carbohydrate and lipid energy balance. Various studies highlight that TMAO
alters skeletal muscle insulin sensitivity; however they report negative and positive ef-
fects. In TMAO supplemented high fat diet fed mice, the muscle tissue insulin signaling
cascade was inhibited [161]. Gluconeogenic genes typically suppressed by insulin were
upregulated in the muscle and other metabolic tissues of TMAO supplemented mice,
indicating a link between TMAO and insulin resistance [161]. TMAO reduction by FMO1,
2, 4, and 5 knockout produced leaner mice with increased exercise capacity and resting
energy expenditure by increasing muscle fatty acid oxidation rates which presumably links
elevated TMAO levels to insulin resistance [163,241]. By contrast, in over-nutrition induced
insulin resistant monkeys, elevated serum TMAO levels corresponded with skeletal muscle
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hyperlipidaemia indicating that insulin induced lipogenesis was functional [158]. TMAO
enhanced insulin triggered glycogen accumulation in primary rat cardiomyocytes [256].
Despite some debate, the majority of data on insulin sensitivity show that TMAO drives
muscle carbohydrate and lipid metabolism associated with insulin resistance and heart
failure. However, because TMAO muscle tissue effects include beneficial changes to en-
zyme activity and contractile function, a dominant role for TMAO is debated and requires
further research.

4. TMAO Effects on Blood Glucose Management

Poor blood glucose management is a hallmark of metabolic diseases. The hormone
regulators insulin and glucagon manage metabolic functions across the body to manage
blood glucose levels. Since TMAO does not alter glucagon levels, research focuses on its ef-
fects on insulin secretion and signaling (Figure 3) [162]. Situated within the pancreatic islets
of Langerhans, β-cells match insulin secretion to elevated blood glucose levels to trigger
glucose uptake into responsive target tissues including hepatocytes, adipocytes, and mus-
cle tissues as discussed [273–275]. In T2D, elevated blood glucose stems from β-cell glucose
intolerance and target tissue insulin resistance. Therefore, these mechanisms are investi-
gated using obese patients and high fat diet fed animals which link elevated serum TMAO
to metabolic diseases including obesity, gestational diabetes, and T2D [157,158,162,237,242].
In over-nutrition-induced obese mice, TMAO reduction by FMO3 knockdown reduced,
and overexpression increased, body weight and fat pad adiposity [162]. This connection
between TMAO and obesity is also observed clinically [50,237,238]. A vegan diet interven-
tion in obese glucose intolerant patients reduced TMAO levels and improved postprandial
blood glucose levels [50]. While these studies link TMAO to poor blood glucose manage-
ment typical in metabolic diseases, a closer look at target tissue insulin resistance and β-cell
glucose intolerance is necessary to identify the underlying TMAO mechanisms.

Figure 3. TMAO Effects on Blood Glucose Management. Elevated serum TMAO levels are associated
with elevated blood glucose levels, a hallmark of metabolic diseases. Insulin resistance at target
tissues or β-cell glucose intolerance can drive this phenotype. While associative studies generally
link TMAO to worsened insulin resistance, the molecular evidence in hepatocytes, adipocytes, and
skeletal muscles is divided. One study investigates TMAO effects on β-cell containing pancreatic
islets and report improved glucose tolerance which beneficially lowers blood glucose in the T2D
condition. This figure was created with biorender.com.
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Clinical and animal studies demonstrate varying TMAO effects on insulin resis-
tance. Although insulin inhibits FMO3 expression [48,135,136], TMAO accumulation
under insulin resistant conditions may alter insulin signaling in turn. As described
earlier, associative studies generally link TMAO to worsened insulin resistance pheno-
types [134,156,161,163,241,242]. In obese patients, increased TMAO levels are associated
with elevated fasting blood glucose and insulin levels and increased insulin resistance as
assessed by homeostatic model assessment for insulin resistance (HOMA-IR) [237]. When
obese patients were treated with exercise and a hypocaloric diet, TMAO levels decreased by
30% which correlated with improved insulin sensitivity and glucose disposition rates [238].
This connection between clinical insulin resistance and TMAO is matched by high fat diet
fed animals [158,161]. Reduced TMAO levels in FMO3 knockdown mice reversed insulin
resistance as measured by blood glucose and insulin levels [48,162]. Indeed, metabolomic
studies in obese and insulin resistant mice identify TMAO and FMO3 as markers of al-
tered metabolism [217]. Therefore, TMAO is generally associated with worsened insulin
resistance and elevated blood glucose levels.

However, when TMAO effects on insulin signaling are investigated more closely in
hepatocytes, adipocytes, and skeletal muscle, the molecular evidence is divided. While
positive and negative TMAO effects on insulin signaling are reported in these tissues,
the molecular mechanisms are best described in hepatic studies. Interestingly, TMAO
downregulates the hepatic insulin signaling cascade [161,162], but beneficially reduces
oxidative and ER stress associated with insulin resistance [117,136,165,171,195]. Other
studies report no relationship between TMAO and insulin. Reducing TMAO levels by
FMO3 and FMO5 knockdown in mice did not affect insulin resistance, nor did hepatic
FMO3 knockdown alter AKT expression [135]. Diet-induced TMAO levels in healthy
elderly subjects were not associated with blood glucose, insulin, HOMA-IR or hemoglobin
A1c (HbA1c) measurements [143]. This result shows that TMAO may either not be causally
related to poor blood glucose management or that TMAO effects differ in healthy versus
diseased conditions. Therefore, while TMAO is generally associated with worsened insulin
resistance and elevated blood glucose levels, there is molecular evidence for beneficial and
deleterious TMAO effects on insulin signaling at target tissues.

Whole-body blood glucose management also hinges on pancreatic β-cell glucose
tolerance and insulin secretion. As a nutrient sensing tissue, β-cells couple insulin secretion
to elevated blood glucose levels. Impeded β-cell function, measured by in vivo glucose
tolerance tests or the in vitro glucose stimulated insulin secretion assay, is a hallmark of
diabetes. In high fat diet fed mice, TMAO supplementation increased serum levels to
17 μM and worsened glucose tolerance test results while TMAO reduction by FMO3 knock-
down improved performance [48,161,242]. Although these studies highlight a connection
between TMAO and blood glucose mismanagement, they do not directly measure β-cell
function. Only one study on high fat diet-fed mice with a continuous TMAO intravenous
pump suggests that TMAO ameliorated blood glucose levels via improved β-cell glucose
tolerance and function [239]. Compared to vehicle controls, TMAO treated mice had bet-
ter blood glucose and insulin levels during a glucose tolerance test [239]. Interestingly,
TMAO showed no effect on glucose tolerance in healthy conditions, again supporting
these pathogenic conditions elucidated a unique TMAO effect not mirrored in healthy
contexts [239,242]. While this study approximated insulin secretion function in T2D mice,
future β-cell culture experiments are needed to measure direct TMAO effects. Therefore,
while TMAO has variable effects on blood glucose management such that it is generally
linked to insulin resistance at the target tissue while it may benefit β-cell function under
T2D conditions.

5. Conclusions

Although TMAO research in the human health context is young, we know that
changes across the diet–microbiota–liver–kidney axis leads to serum accumulation, and
that TMAO metabolic effects are context dependent. In CVD research, studies generally
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assert that TMAO is a deleterious dietary gut microbiome metabolite biomarker, although
its molecular effects on vascular and cardiac tissue are mixed. TMAO’s role in tissues
relating to metabolic diseases are further divided and may differ from its role in CVD [57].
While some data demonstrate that it is deleterious, others support beneficial TMAO effects.
TMAO effects also differ between healthy and diseased conditions, such that metabolic
stress seems to be a prerequisite for observable TMAO functions. Using such pathologic
models, TMAO effects are best defined for hepatocytes while future research is needed
to clarify mechanisms involving pancreatic β-cells. Negative TMAO effects are mainly
observed in patients and animal models of NAFLD, gallstone formation, CKD, cognitive
diseases, and T2D by aggravating insulin resistance and impairing cellular functions.
The positive TMAO effects generally involve anti-oxidative or anti-inflammatory effects
observed at the tissue level, especially in hepatocytes, adipocytes, muscle tissue, and
pancreatic β-cells under stress from over-nutrition models. When considering its effects
on blood glucose management, it is unclear if it improves or worsens insulin resistance
overall. This debate between positive and negative TMAO effects calls for more research to
better connect direct cellular mechanisms to clinical outcomes. It must be noted that the
studies discussed here investigated TMAO effects via various research models. Studies
induced elevated TMAO levels by altering the dietary substrate load, the microbiome TMA
production, or hepatic FMO3 TMAO production. Other studies measure elevated TMAO
levels in animal models using dietary or genetically mutant animals originally established
to model metabolic diseases. Therefore, these models could alter metabolic tissues in other
more direct ways that may overshadow or compound TMAO effects. Since interpreting
causality in these studies in fraught with concerns, future TMAO research should of course
consider clinical relevance of the research design closely. Since TMAO is an indicator
of excess dietary consumption of choline and related compounds, future studies should
continue to explore TMAO effects within the context of over-nutrition associated metabolic
diseases contributing to our global health challenge.
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Abstract: Background: Obesity increases the severity of SARS-CoV-2 outcomes. Thus, this study
tested whether obesogenic and ketogenic diets distinctly affect SARS-CoV-2 entry proteins and
the renin-angiotensin system (RAS) in rat pulmonary and cardiac tissues. Methods: Male Sprague-
Dawley rats were fed either standard chow (SC), a high-fat sucrose-enriched diet (HFS), or a ketogenic
diet (KD) for 16 weeks. Afterwards, levels of angiotensin converting enzyme 2 (ACE2), transmem-
brane protease serine 2 (TMPRSS2), RAS components, and inflammatory genes were measured in the
lungs and hearts of these animals. Results: In the lungs, HFS elevated ACE2 and TMPRSS2 levels
relative to SC diet, whereas the KD lowered the levels of these proteins and the gene expressions
of toll-like receptor 4 and interleukin-6 receptor relative to HFS. The diets did not alter ACE2 and
TMPRSS2 in the heart, although ACE2 was more abundant in heart than lung tissues. Conclusion:
Diet-induced obesity increased the levels of viral entry proteins in the lungs, providing a mechanism
whereby SARS-CoV-2 infectivity can be enhanced in obese individuals. Conversely, by maintaining
low levels of ACE2 and TMPRSS2 and by exerting an anti-inflammatory effect, the KD can potentially
attenuate the severity of infection and migration of SARS-CoV-2 to other ACE2-expressing tissues.

Keywords: obesity; ketones; inflammation; TLR4; IL6; TNF-alpha; MasR

1. Introduction

Obesity is characterized by an expansion in white adipose tissue (WAT) mass and
is linked to a number of comorbidities, including hypertension and diabetes [1]. More
recently, obesity has emerged as a major risk factor for severe illness related to COVID-19
infection [2,3]. Infection with the severe acute respiratory syndrome-coronavirus-2 (SARS-
CoV-2) occurs mainly through the airway [4]. At the cellular level, the virus binds to its
receptor, ACE2 [4,5]. The interaction between ACE2 and SARS-CoV-2 occurs via the virus’s
spike (S) protein; however, an additional crucial step, catalysed by transmembrane protease
serine 2 (TMPRSS2), leads to cleavage of the S protein [4,5]. This latter step allows for the
fusion of the virus and host cell membranes, so endocytosis of the virus can occur. Once
inside the cell, the virus can utilize the cell’s ribosomes to transcribe its own RNA and
undergo replication [6]. The enhanced susceptibility of obese individuals to severe COVID-
19 outcomes has been linked to elevations in ACE2 and TMPRSS2 in lung tissues [4,7]. In
fact, Sarver and Wong showed that ACE2 expression was elevated in the lungs and tracheas
of male, obese mice [4]. Similarly, Batchu et al. reported elevations in ACE2 and TMPRSS2
protein contents in the lungs of HF-fed, diabetic mice [7]. In this context, the diet-induced
elevations in SARS-CoV-2 entry proteins provide a plausible mechanism that explains the
increased susceptibility of obese individuals to severe outcomes. It is important to note
that ACE2 is also a component of the renin-angiotensin aldosterone system (RAS), which
has emerged as another possible mechanism mediating COVID-19-related illness [8].

The RAS is classically responsible for the regulation of fluid balance and blood pres-
sure [8]. In short, the kidney releases renin, which converts liver-derived angiotensinogen
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into angiotensin I (Ang-I) [9]. Ang-I is then processed into angiotensin-II (Ang-II), mainly
in the pulmonary circulation [10], by the angiotensin converting enzyme (ACE1) [9]. Ang-II
can then bind to the G-protein coupled receptor angiotensin-II, type 1 receptor (AT1R) [9]
where it induces vasoconstriction, water retention and sympathetic nervous system ac-
tivation [9]. Under conditions of hypertension and obesity, hyperactivation of the RAS
leads to inflammation, fibrosis and oxidative damage [8]. In this context, therapies aimed
at increasing flux through the counterregulatory arm of the RAS have gained attention as a
potential treatment for hypertension and obesity [2,8]. These effects are mainly mediated
by ACE2, which converts Ang-II into Ang(1,7) [8]. Ang(1,7) binds to the Mas receptor
(MasR), which exerts protective, anti-inflammatory effects [9]. Moreover, Ang-II can also
bind to angiotensin II, type 2 receptor (AT2R) [2]. AT2R exerts similar effects to MasR,
however it is mainly expressed under conditions of AT1R hyperactivation and injury to
suppress inflammation and oxidative stress [2,11]. Following COVID infection, ACE2
becomes downregulated [2]. Consequently, the obesity-induced elevation in Ang-II in-
creases signalling through AT1R, which promotes inflammation and tissue damage [2].
Thus, the role of ACE2 in COVID-19-related illness extends beyond serving as a viral entry
protein. Rather, it is also implicated in the inflammatory response that ensues, which
carries a profound impact for tissue damage and organ failure [2]. In this context, shifting
obese individuals from the ACE1/Ang-II/AT1R arm to the ACE2/Ang(1,7)/MasR and
AT2R arm is of great importance to reduce the susceptibility of obese individuals to severe
COVID-19 outcomes.

Recently, the ketogenic diet (KD) has sparked interest as a potential therapeutic tool
for the management of obesity. In fact, it has been shown that the KD improved blood
pressure, glycemia and body weight in Type 2 diabetic patients [12] and carries potential as
an anti-inflammatory diet [13]. However, to our knowledge, little is known regarding the
effect of the KD on the RAS components in lung and heart tissues. Moreover, despite there
being evidence that obesity enhances the expression of ACE2 and TMPRSS2 in lung tissue,
to the best of our knowledge, no studies have evaluated whether a KD can affect molecular
steps involved in SARS-CoV-2 infection. In this context, our study aims to compare the
effects of different dietary interventions on the contents of viral entry proteins and RAS
components in lung and heart tissues. Here, we provide a detailed analysis of how an
obesogenic diet regulates ACE2 and TMPRSS2 contents, as well as AT1R and AT2R levels
in lung and cardiac tissues. Additionally, we test whether a KD can alter the levels of these
proteins and reduce the expression of inflammatory genes in the lungs.

2. Materials and Methods

2.1. Reagents

Protease (cOmplete Ultra Tablets) and phosphatase (PhosSTOP) inhibitors—were
obtained from Roche Diagnostics GmbH (Mannheim, Germany). The Insulin ELISA kit
was purchased from Millipore-Sigma (Burlington, MA, USA). The ACE1 (ab254222), ACE2
(ab239924), AT1R (ab124734), AT2R (ab92445) and TMPRSS2 (ab92323) antibodies were
purchased from Abcam (Toronto, ON, Canada) and the β-actin (cat. no. 4967) antibody
was purchased from Cell Signaling (Danvers, MA, USA).

2.2. Animals

Male albino rats from the Sprague-Dawley strain (Envigo, Indianapolis, IN, USA)
weighing 200–250 g (initial weight)—were maintained in a constant-temperature (23 ◦C),
with a fixed 12-h light/12-h dark cycle and fed for 16 weeks ad libitum either a standard
chow diet (SC, 27.0%, 13.0%, and 60.0% of calories provided by protein, fat, and carbohy-
drates, respectively) a HF, sucrose-enriched (HFS) diet (20.0%, 60.0%, and 20.0% of calories
provided by protein, fat, and carbohydrates [sucrose], respectively) or a KD (20%, 80%
and 0% of calories provided by protein, fat and carbohydrates, respectively). The energy
densities for the SC, HFS and ketogenic diets were 3.43, 5.24 and 6.14 kcal/g, respectively.
The SC diet (standard rat chow, catalog # 5012) was purchased from TestDiet (Richmond,
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IN, USA). The HFS and ketogenic diets (catalog # D12492 and D03022101, respectively)
were purchased from Research Diets Inc. (New Brunswick, NJ, USA). Energy intake was
not significantly different between the three groups at weeks 0, 4 and 8 (Table 1). At week
16, the KD-fed animals had 17.9% and 18.1% lower energy intake than the SC and HFS-fed
animals, respectively (Table 1).

Table 1. Energy intake at weeks 0, 4, 8, and 16 in the SC-, HFS-, and KD-fed animals.

Week SC HFS KD

Energy intake
(kcal/rat/day)

0 69.23 ± 3.8 66.49 ± 2.3 66.49 ± 2.9
4 72.60 ± 4.2 68.37 ± 4.0 63.83 ± 0.76
8 65.83 ± 2.9 66.94 ± 3.2 59.82 ± 1.1
16 69.65 ± 2.1 69.75 ± 6.0 57.15 ± 5.0 *

* p < 0.05 vs. SC and HFS within the respective week. Data are expressed as mean ± SEM. Two-way ANOVA.
n = 3–7. SC, standard chow; HFS, high-fat sucrose-enriched diet; KD, ketogenic diet.

2.3. Ethics Approval

The protocol containing all animal procedures described in this study was specifically
approved by the Committee on the Ethics of Animal Experiments of York University (York
University Animal Care Committee, YUACC, permit number: 2021-03) and performed
strictly in accordance with the YUACC guidelines. All tissue extraction procedures were
performed under ketamine/xylazine anaesthesia, and all efforts were made to minimize
suffering [14]. All experiments in this study were carried out in compliance with the
ARRIVE guidelines [15].

2.4. Glucose Monitoring and Determination of Plasma Insulin Concentrations

Blood from all animals in a fed state was collected between 15:00 and 16:00 h by saphe-
nous vein bleeding and used to determine plasma glucose, using the OneTouch UltraMini
blood glucose monitoring system from LifeScan Canada Ltd. (Vancouver, BC, Canada).
Insulin was measured using a commercially available kit listed in the reagents section. All
procedures were performed according to instructions provided by the manufacturer of
the kit.

2.5. Western Blotting Analysis of ACE1, ACE2, AT1R, AT2R, and TMPRSS2 Protein Levels in
Lung and Cardiac Tissues

Lung and heart tissues were homogenized in a buffer containing 25 mM Tris-HCl,
25 mM NaCl (pH 7.4), 1 mM MgCl2, 2.7 mM KCl, 1% Triton X-100 and protease and
phosphatase inhibitors (Roche Diagnostics GmbH, Mannheim, Germany). Homogenates
were centrifuged, the supernatant was collected, and an aliquot was used to measure
protein by the Bradford method. Samples were diluted 1:1 (vol:vol) with 2× Laemmli
sample buffer and heated to 95 ◦C for 5 min. Then, 25 μg of protein were loaded in each
well. Samples were then subjected to SDS-PAGE, transferred to PVDF membrane, and
probed for the proteins of interest. All primary antibodies were used at a dilution of 1:1000.
All densitometry analyses were performed using the ImageJ program.

2.6. RNA Isolation and Quantitative PCR

Primers were designed using the software PrimerQuest (IDT) based on probe se-
quences available at the Affymetrix database (NetAffx™ Analysis Centre, http://www.
affymetrix.com/analysis, accessed on 3 May 2020) for each given gene. RNA was iso-
lated from lung and heart tissues using TrizolTM (ThermoFisher Scientific, Waltham, MA,
USA). Complimentary DNA (cDNA) was made from 2 μg of extracted RNA using the
ABM OneScript cDNA Synthesis kit (Diamed, Mississauga, ON, Canada), according to the
manufacturer’s instructions. Samples were run in duplicates on 96-well plates, and each
20 μL reaction contained 4 μL of cDNA, 0.4 μL of primer, 10 μL of Brightgreen 2× qPCR
Mastermix (Diamed, Mississauga, ON, Canada) and 5.6 μL of RNase-free water. Real-time
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PCR analysis was performed using a Bio-Rad CFX96 Real Time PCR Detection System
(Bio-Rad, Mississauga, ON, Canada) using the following amplification conditions: 95 ◦C
(10 min); 40 cycles of 95 ◦C (15 s), 60 ◦C (60 s). All genes were normalized to the control
gene β-actin, and values are expressed as fold increases relative to control [16]. Primer
sequences utilized are shown in Table 2.

Table 2. Primer sequences for qPCR.

Forward Reverse

mas1 5′-CGCCAACCCTTTCATCTACT-3′ 5′-CCTAGGTTGCATCTCGTCTTT-3′

tlr4 5′-ACCTAAGGAGAGGAGGCTAAG-3′ 5′-GGTAACTGCAGCACACTACA-3′

il6r 5′-TGGAGCAGACAGAGAGACTT-3′ 5′-AGCTTACAGGTAACAGAGCATAAA-3′

tnfr1 5′-CCCTGTGAACCTCCTCTTTG-3′ 5′-CTATGTACACCAAGTCGGTAGC-3′

β-actin 5′-GTGAAAAGATGACCCAGATC-3′ 5′-CACCGCCTGGATGGCTACGT-3′

2.7. Statistical Analyses

Data were expressed as Mean ± SE. Statistical analyses were performed by using
mixed-model analyses, and one-way ANOVAs and two way ANOVAs with Bonferroni
multiple comparison post-hoc tests, as indicated in the figure legends. The GraphPad
Prism software version 9.1.12 was used for all statistical analyses and for the preparation
of all graphs. The level of significance was set to p < 0.05.

3. Results

Body weight (BW), glycemia, and insulinemia—HFS-fed animals gained significantly
more weight than the SC and KD-fed animals (Table 3). This difference in BW was sta-
tistically significant at weeks 8 (409.77 ± 14.6 g in the HFS group vs. 370.21 ± 14.3 and
374.24 ± 6.6 g in the SC and KD groups, respectively), 12 (452.3 ± 15.7 g in the HFS
group vs. 400.47 ± 15 and 404.69 ± 6.5 g in the SC and KD groups, respectively), and 16
(470.81 ± 17.1 g in the HFS group vs. 421.29 ± 15.7 and 425.54 ± 4.7 g in the SC and KD
groups, respectively). With respect to blood glucose levels, there was no significant differ-
ence among the three groups at weeks 0 and 16 (Table 4). Insulinemia increased in both the
HFS (1.90 ± 0.33 to 7.68 ± 1.54 ng/mL) and KD groups (2.18 ± 0.34 to 5.85 ± 0.66 ng/mL)
from week 0 to week 16 (Table 4). However, at week 16, only the HFS had significantly
higher blood insulin levels than the SC group (Table 4). In fact, the HFS diet-induced
elevation in blood insulin concentration was 79%, relative to the SC animals (Table 4),
which is an indication of insulin-resistance in these animals. In contrast, the SC and KD
groups did not have statistically significantly different blood insulin levels at week 16
(Table 4).

Table 3. Body weight of SC-, HFS-, and KD-fed rats at the beginning of the study (week 0) and after
4, 8, 12, and 16 weeks of dietary intervention.

Duration of Study (Weeks)

Groups 0 4 8 12 16

Body mass
(g)

SC 231.97 ± 7.1 317.21 ± 10.4 370.21 ± 14.3 400.47 ± 15.0 421.29 ± 15.7

HFS 236.18 ± 5.4 345.97 ± 10.7 409.77 ± 14.6 * 452.3 ± 15.7 * 470.81 ± 17.1 *

KD 230.12 ± 3.6 321.21 ± 4.5 374.24 ± 6.6 404.69 ± 6.5 425.54 ± 4.7
* p < 0.05 vs. SC and KD within the respective weeks. Data are expressed as mean ± SEM. Mixed-effects model
analysis. n = 7–9.
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Table 4. Glycemia and insulinemia levels at the beginning (week 0) and at the end of the dietary
intervention (week 16) in SC-, HFS-, and KD-fed rats.

Duration of Study (Weeks)

Blood Parameters Groups 0 16

Glucose (mmol/L)
SC 6.85 ± 0.12 5.72 ± 0.18 #

HFS 6.77 ± 0.21 5.91 ± 0.10 #

KD 6.59 ± 0.12 5.71 ± 0.07 #

Insulin (ng/mL)
SC 2.16 ± 0.50 4.30 ± 0.43

HFS 1.90 ± 0.33 7.68 ± 1.54 *#

KD 2.18 ± 0.34 5.85 ± 0.66 #

* p < 0.05 vs. SC within the respective week; # p < 0.05 vs. week 0 measurement. Data are expressed as mean ± SEM.
Mixed-effects model analysis, n = 6–7.

3.1. ACE2 and TMPRSS2 Levels in Lung and Heart Tissues

We extracted lung and heart tissues from the animals for measurement of SARS-CoV-2
cellular entry proteins ACE2 and TMPRSS2. The HFS diet increased lung ACE2 content 3.8-
and 6-fold, when compared to the SC and KD groups, respectively (Figure 1A). A similar
pattern was observed for TMPRSS2 where, for the HFS diet, the levels of this protein
increased by 5.1- and 3.4-fold, relative to the SC and KD groups, respectively (Figure 1B).
However, in cardiac tissue, no significant differences were detected for ACE2 or TMPRSS2
levels when comparing the different dietary interventions (Figure 1C,D, respectively).
These data indicate that the HFS diet increased SARS-CoV-2 entry proteins in lung tissue,
but not in the heart.

3.2. ACE1, AT1R, and AT2R Levels in Lung and Heart Tissues

In pulmonary tissue, the KD attenuated ACE1 protein content by 56%, relative to the
SC group (Figure 2A). Furthermore, KD also reduced AT1R protein content in this tissue;
however, it was not statistically significant (Figure 2C). Pulmonary AT2R levels were not
altered by diet either (Figure 2E). In cardiac tissue, ACE1 was not significantly different
among the groups (Figure 2B). However, the HFS diet induced 2.6 and 4.9-fold increases
in AT1R (Figure 2D) and AT2R (Figure 2F) levels, respectively, when compared to the SC
group. The contents of these proteins were not significantly different between the SC- and
KD-fed animals.

3.3. Comparison of ACE1, ACE2, AT1R, and AT2R in lung and Heart Tissues

Upon observing the diet-induced changes in RAS proteins and the tissue-specific
nature of these changes, we then decided to compare the contents of ACE1, ACE2, AT1R,
and AT2R in the lungs and heart. Pulmonary tissue displayed higher levels of ACE1 than
cardiac tissue (Figure 3), whereas more ACE2, AT1R, and AT2R was found in the heart than
in the lungs. (Figure 3).
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Figure 1. Lung contents of angiotensin converting enzyme 2 (ACE2) (A) and transmembrane protease serine 2 (TMPRSS2)
(B) were significantly elevated by the HFS, but not by the KD. In contrast, diet did not alter the contents of these proteins in
heart tissue (C,D). Statistical significance is denoted by different letters p < 0.05. Bars represent mean ± SEM. One-way
ANOVA, n = 5–6. SC, standard chow; HFS, high-fat sucrose-enriched diet; KD, ketogenic diet.
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Figure 2. The KD attenuated angiotensin converting enzyme 1 (ACE1) and angiotensin II, type I
receptor (AT1R) contents in pulmonary tissue (A,C, respectively), however only the former was
found to be statistically significant. Angiotensin II, type 2 receptor (AT2R) was unaltered in the
lungs, regardless of diet (E). On the other hand, dietary intervention did not influence heart ACE1
content (B), however AT1R and AT2R were significantly elevated in the cardiac tissues of HFS-fed
rats (D,F, respectively). Significant differences are denoted by different letters p < 0.05. Bars represent
mean ± SEM. One-way ANOVA, n = 5–6.
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Figure 3. AT1R, AT2R and ACE2 are more abundant in heart tissue than in lung tissue. In contrast,
lung tissue contains more ACE1. n = 3.

3.4. Gene Expressions of Mas1, tlr4, il6r, and tnfr1 in Lung and Heart Tissues

The gene expression of mas1 was not significantly different among any of the three
dietary interventions in either lung (Figure 4A) or heart tissue (Figure 4E). However, the
gene expressions of tlr4 and il6r were significantly reduced by 74% and 79%, respectively, in
the lungs of KD-fed animals, when compared to the HFS animals (Figure 4B,C, respectively).
KD also suppressed tnfr1 gene expression in this tissue by ~73% (Figure 4D), although
this was not statistically significant (p = 0.059). In the heart, no significant differences were
found for tlr4, il6r, and tnfr1 gene expressions among the three diet groups (Figure 4F–H,
respectively). Altogether, these results indicate that the KD exerted an anti-inflammatory
effect in the lungs, but not in the heart.
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Figure 4. The KD does not affect mas1 gene expression in lung (A) or heart (E) tissues. Interestingly, KD-feeding significantly
reduces toll-like receptor 4 (tlr4) and interleukin-6 receptor (il6r) gene expression in pulmonary tissues (B,C, respectively),
when compared to the HFS diet. The KD also reduced tumour necrosis factor receptor 1 (tnfr1) gene expression in lungs (D),
though this was not statistically significant. Tlr4, il6r and tnfr1 were not significantly altered by diet in cardiac tissues (F–H,
respectively). Statistical significance is denoted by different letters p < 0.05. Bars represent mean ± SEM. One-way ANOVA,
n = 5–8.

4. Discussion

Here, we show that obesogenic and ketogenic diets regulate in a distinct and tissue-
specific manner proteins of the RAS, as well as major components of the molecular ma-
chinery involved in cellular infection by SARS-CoV-2. In fact, rats fed the HFS obesogenic
diet displayed elevated insulinemia and much higher levels of ACE2 and TMPRSS2 in
the lungs than animals fed either SC or a KD. This is consistent with previous findings of
increased lung levels of ACE2 and TMPRSS2 in diabetic mice [7], and with reports linking
insulin resistance and Type 2 diabetes to severe COVID outcomes [2,7]. However, to our
knowledge, this is the first study to show that besides attenuating weight gain and insuline-
mia, a KD maintained lower ACE2 and TMPRSS2 protein levels in the lungs in comparison
to a HFS diet. This is relevant for the prevention of severe COVID-19-related illness, given
that ACE2 and TMPRSS2 have been identified as crucial components of the molecular
machinery used by SARS-CoV-2 to infects cells [5]. In fact, use of the specific TMPRSS2
inhibitor, camostat mesylate, has been shown to inhibit SARS-CoV-2 entry in Caco-2 cells,
and anti-ACE2 antibody incubation with Vero cells blocked SARS-CoV-1 and SARS-CoV-2
entry [5]. Thus, the observed elevation in these two proteins in the lungs of HFS-fed rats
provides a plausible mechanism whereby obese individuals are more susceptible to severe
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infection with SARS-CoV-2. The underlying mechanisms that explain this diet-induced
elevation in ACE2 have not been fully elucidated [17]. However, under conditions of obe-
sity, adipose tissue secretes angiotensinogen, which can eventually be converted to Ang-II,
leading to hyperactivation of the ACE1/Ang-II/AT1R arm of the RAS and subsequent tis-
sue damage [2,8]. Hyperinsulinemia may also cause RAS dysregulation [8]. In this context,
the observed elevation in ACE2 is likely a counterregulatory mechanism to attenuate the
detrimental effects induced by obesity-mediated RAS hyperactivation [17]. Furthermore,
non-alcoholic fatty liver disease (NAFLD) is a major comorbidity of obesity, and it has been
linked to increased hepatic expression of ACE2 and TMPRSS2 [18], which could contribute
to the aggravate morbidity in SARS-CoV-2 patients. Importantly, ketogenic diets have
been shown to be very effective in combating NAFLD [19–21] and attenuate the potential
deleterious effects of SARS-CoV-2 in the liver. However, we did not assess any variable
associated with NAFLD in our studies; therefore, we could not make any inferences about
hepatic expression of SARS-CoV-2 critical entry points.

Although there were no significant alterations in ACE2 and TMPRSS2 in the heart
with any of the dietary interventions, ACE2 was found to be more abundant in cardiac than
in lung tissue. Thus, because the obesogenic diet significantly increased ACE2 in the lungs,
COVID-19 infection still poses a significant risk for cardiac health in obese individuals,
since it is one of the primary points of infection. This could potentially enhance the severity
of the infection in pulmonary tissues, leading to viral spill over, whereby the virus can
access other tissues, including the heart, which is already abundant in ACE2 and, as a result,
predisposed to infection and damage [2,6]. The roles of ACE2 in SARS-CoV-2 infection, as
well as the RAS, are not independent. Thus, the other RAS components are also emerging
as therapeutic targets to treat illness related to COVID-19. In fact, the use of angiotensin
receptor blockers (ARB) or ACE inhibitors have been proposed as treatments for SARS-CoV-
2 patients [2]. This serves to increase flux through the ACE2/Ang(1,7)/MasR and AT2R
arm of the RAS and to promote anti-inflammatory mechanisms that counteract the COVID-
induced cytokine storm [2,6,8]. In the present study, we observed no alteration in AT1R
or AT2R in lung tissues with any of the three dietary interventions. However, the KD did
significantly reduce ACE1 levels. This indicates that the RAS system was shifted away from
the ACE1/Ang-II/AT1R arm and towards the counterregulatory, anti-inflammatory RAS
arm, given that we also observed reductions in tlr4, and il6r gene expressions, as well as a
trend to decrease tnfr1 gene expression. The observed reduction in the expression of these
inflammatory genes is relevant, as IL-6 and TNFα are two major cytokines that facilitate
the coronavirus-induced cytokine storm [2]. Furthermore, Zhao et al. demonstrated that
TLR4 inhibition suppressed interleukin-1β release in cells treated with the SARS-CoV-2 S
protein [22].

Our findings are in line with other studies that report the anti-inflammatory nature
of the KD [13,23], and suggest that this diet could reduce the risk of severe infection and
inflammatory response related to COVID-19. We have not investigated the mechanism
by which the KD led to lower levels of expression of inflammatory genes in comparison
to the obesogenic diet. However, the KD is characterized by increased liver production
of ketones [24]. Thus, the anti-inflammatory effect of the KD could be at least partially
attributed to increased levels of circulating ketones, particularly β-hydroxybutyrate (β-HB),
upon KD feeding [25]. In fact, β-HB has been demonstrated to block the nucleotide-binding
domain leucine-rich-containing family pyrin domain-containing-3 (NLRP3) inflammasome
and NLRP3 inflammasome-mediated interleukin (IL)-1β and IL-18 production by mono-
cytes [26]. Additionally, the KD has been shown to exert its anti-inflammatory effects by
inhibiting nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB) activation,
suppressing the activity of histone deacetylases (HDACs), reducing the production of
reactive oxygen species (ROS), and by improving mitochondrial respiration [24]. Thus, all
these KD effects can ameliorate chronic low-grade inflammation and its associated diseases.
It is important to mention that the KD used in this study was completely devoid of carbo-
hydrates, which differs from the commonly used KD that recommends low carbohydrate

176



Nutrients 2021, 13, 3357

content (less than 50 g/day) and not the complete elimination of this macronutrient from
the diet [27]. Thus, caution should be taken when extrapolating our findings to human
subjects. However, the absence of carbohydrates in the diet allowed us to identify that it is
the combination of HF with sucrose, as opposed to HF alone, that promotes the deleteri-
ous metabolic effects associated with increased levels of SARS-CoV-2 entry proteins and
inflammation in lung and heart tissues in obesity.

We did not find any significant difference in the cardiac gene expressions of Mas1
or the aforementioned inflammatory genes, although a trend to increase the latter in the
HFS-fed rats was detected. However, the HFS diet did increase AT1R content, which was
also met by a similar increase in AT2R. This likely served to offset the proinflammatory
response mediated by AT1R. Indeed, it has been reported that AT2R increases in response to
AT1R hyperactivation and injury [2,11]. Interestingly, AT1R and AT2R are more abundant
in the heart than in the lungs. In this context, it is possible that the elevated expression of
these receptors allows for an enhanced flexibility of this tissue to regulate its inflammatory
status. It is important to note that AT1R and AT2R levels did not change in the hearts of
KD-fed animals, relative to the SC animals, suggesting that this diet did not provoke RAS
activation. Unlike the lungs, heart ACE1 content was not altered by diet. This could be
attributed to the lower ACE1 content in the heart, compared to the lungs, suggesting that
the reliance of the former on ACE1 for RAS regulation is lower than the latter, where there
was a diet-induced alteration in the content of this protein. This is consistent with the
notion that the ACE1-dependent conversion of Ang-I to Ang-II takes place predominantly
in pulmonary circulation [10].

In conclusion, these data indicate that the HFS diet increases body weight, insulinemia
RAS hyperactivation and lung ACE2 and TMPRSS2, which could explain the predisposition
of obese individuals to severe COVID-19 outcomes. In contrast, the KD did not elicit the
same elevations in weight gain and insulinemia as the HFS diet did. Our data also suggests
that there is not a hyperactivation of the RAS in KD-fed animals, as indicated by the
reductions in pulmonary ACE1 and the expressions of inflammatory genes, as well as
unaltered cardiac AT1R and AT2R contents. Thus, a counterregulatory elevation in lung
ACE2 was not observed in KD animals. Unlike the lungs, the heart does not experience
a diet-induced alteration in ACE2, however the abundance of this protein, relative to the
lungs, makes it a susceptible organ to SARS-CoV-2 damage, following viral spill over
from pulmonary tissues. In this context, despite altering RAS proteins in a tissue-specific
manner, it is clear that the KD offers a promising potential therapeutic tool for its reduction
in SARS-CoV-2 entry proteins and its induction of an anti-inflammatory profile.
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