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Editorial on the Research Topic

The 4th NACAN summit proceedings: nutrition and food for a healthy life

Established in 2012, the North America Chinese Association for Nutrition (NACAN)

celebrated its 10th anniversary in 2022 (https://www.nacan-us.org/). As a public, non-

profit charitable organization under the US Internal Revenue Code Section 501(c)3 and a

Commission on Dietetic Registration (CDR) accredited continuing professional education

(CPE) provider to the US registered dietitians, NACAN continues to advance science and

education among professionals with Chinese heritage in nutrition, health, and related fields

of interest. NACAN aims to promote scientific exchange and networking, facilitate advanced

education and training, support dissemination and application of nutrition knowledge,

and advocate nutrition-related research and evidence-based practice to promote health

and wellness.

Joined by their collaborators and co-sponsors, the Chinese American Food Society

(CAFS), China Food Publishing Co (CFPC), Guangdong Nutrition Society (GNS), Hebei

Nutrition Society (HNS), and College of Food Science and Engineering at NanjingUniversity

of Finance & Economics (NUFE), NACAN hosted the 4th NACAN Frontiers in Nutrition

Summit—The Joint Nutrition Scientific Symposia with meeting theme—“Nutrition for a

healthy life: from the production of foods to healthy eating for everyone” in July of 2022. In

collaboration with the journal Frontiers in Nutrition, NACAN launched a Research Topic to

showcase the research contributed to the summit and beyond. This Research Topic collected

research papers to address the following four themes:

• Emerging fields of research: New and innovative areas, especially revolutionary and/or

multi-disciplinary approaches that address fundamental questions in nutrition, food,

and health sciences.
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• Scientific base of nutrition: Mechanistic studies that

decipher the underlying links between nutrients, diet, and

chronic diseases.

• Agriculture and food production: Functional foods, bioactive

compounds, nutraceuticals, and novel food processing

technologies that improve human health.

• Nutrition and public health: Clinical and population-based

studies that examine the role of diet, food, and nutrition in

health and disease.

Nutrition intervention is important for disease management.

Li Z. et al. reviewed the potential mechanisms of diabetes mellitus

combined with Alzheimer’s disease and suggested nutrition therapy

to reduce the risk of the comorbidity of those two diseases, which

include the management of dietary intake, dietary patterns (e.g.,

ketogenic diet, Mediterranean diet), and nutrition supplements

(e.g., probiotics, vitamins, minerals, omega-3 fatty acids).

Opportunities and challenges co-exist for nutritional

intervention in childhood cancers. Wang K. et al. discussed

the nutrition status among pediatric cancer patients. They

reported nutrient dependencies on amino acids, glycolysis and

oxidative phosphorylation, lipids, vitamins, and minerals. Several

dietary modifications were reviewed, including calorie restriction,

ketogenic diet, nutrient restriction, and nutrient supplementation.

Type 2 diabetes mellitus (T2DM) is the most common type of

diabetes that has high comorbidity with obesity, renal impairments,

and vitamin D (VD) deficiency. Multiple nutrients have been found

to alleviate T2DM, shown in rodent models and in human subjects.

Using Zucker diabetic fatty rats that were fed VD deficient diet,

Wang D. et al. demonstrated 1,25(OH)2D3 improved urinary Cu,

Zn, Se, and Mo excretions, suggesting a protective effect against

diabetic renal impairment. Using in vitro and in vivo models in

another study,Wang Y. et al. reported that an olive-derived elenolic

acid stimulated GLP-1 and PYY secretion, along with a series

of ameliorations on the perturbated metabolic variables in obese

diabetic mice. In a meta-analysis, Zhang, Ding et al. concluded

that biotin (vitamin B7) supplementation may reduce fasting blood

glucose, total cholesterol, and triglyceride levels.

Obesity is a major public health concern, which is closely

related to chronic inflammation and brown adipose tissue

dysfunction. Bae et al. examined the effects of naringenin, a citrus

flavanone, on adipocyte browning, thermogenic activation and

brown adipogenesis in vitro. The results suggest that naringenin

may promote the development of functional brown adipose tissue,

in part through PPARγ activation.

Cognition decline is associated with old age and chronic

diseases, including neurodegenerative or neuropsychiatric

disorders, diabetes and chronic kidney disease. Using an adenine-

induced cognitive impairment mouse model, Abdolmaleky et al.

demonstrated that mice treated with oligo-lactic acid (LAP) and

fermented soy extract (IMB) had significantly improved cognitive

performance. The neuroprotective effects of LAP and IMB are

mediated by favorable alteration in the gut microbiome as well as

through their anti-neuroinflammatory properties.

Inflammation contributes to the development of non-alcoholic

fatty liver disease (NAFLD) and non-alcoholic steatohepatitis

(NASH).While NAFLD is generally considered a benign condition,

NASH can further progress to cirrhosis, liver failure, and liver

cancer. Li H. et al. reviewed how hepatic and extra-hepatic

signals activate the stimulator of interferon genes (STING) in

macrophages, which triggers hepatic inflammation, a key factor

driving the development of NAFLD/NASH. While more research

is needed, current evidence suggests that STING plays a role in

promoting liver inflammation and damage. Targeting the STING

pathway may therefore represent a potential therapeutic approach

for managing NAFLD/NASH in the future.

Vitamin A (VA) is vital for an individual’s general health.

Zhang, Tian et al. found that VA status regulates body weight,

glucose, lipid levels, and hepatic gene expression in Zucker lean and

Zucker fatty male rats. Furthermore, replenishing VA through the

diet can restore the expression levels of hepatic genes for glucose

and lipid metabolism in Zucker lean male rats.

Sphingomyelin and its metabolites have diverse biological

functions. Yang and Chen explored their distribution, digestion,

absorption, and metabolic pathways, and reviewed their nutritional

functions in chronic metabolic diseases. While endogenous

sphingomyelin production is linked to pathological changes,

dietary supplementation has been shown to maintain lipid

homeostasis. The paper also evaluated their possible implications

in modern food preparations, skin improvement, delivery systems,

and oil organogels.

In summary, the Joint Nutrition Scientific Symposia and all

papers collected in the Research Topic offer insights into the

development of research in nutrition and food for a healthy life.
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Replenishment of vitamin A for 7
days partially restored hepatic
gene expressions altered by its
deficiency in rats
Yan Zhang1*†, Kui Tian2† and Guoxun Chen3

1Department of Gastroenterology, Affiliated Puren Hospital of Wuhan University of Science and
Technology, Wuhan, Hubei, China, 2Department of Radiology, Wuhan Pulmonary Hospital, Wuhan,
Hubei, China, 3Department of Nutrition, University of Tennessee at Knoxville, Knoxville, TN,
United States

We investigated the effects of vitamin A (VA) status on metabolism of Zucker

rats with different genders and genotypes, and of short-term refeeding of a

VA sufficient (VAS) diet on VA deficient (VAD) animals. First, male and female

Zucker lean (ZL) and fatty (ZF) rats at weaning were fed a VAD or VAS diet for

8 weeks. Second, male VAD ZL rats were fed a VAS diet for 3 (VAD-VAS3d)

or 7 (VAD-VAS7d) days. The body weight (BW), blood parameters, and hepatic

expressions of genes for metabolism were determined. VA deficiency reduced

BW gain in ZL and ZF rats of either gender. VAD ZL rats had lower plasma

glucose, insulin, and leptin levels than VAS ZL rats. VAD-VAS3d and VAD-

VAS7d rats had higher plasma glucose, insulin, and leptin levels than that in

the VAD rats. The hepatic mRNA levels of Gck, Cyp26a1, Srebp-1c, Igf1, Rarb,

Rxra, Rxrg, Pparg, and Ppard were lowered by VA deficiency. Refeeding of

the VAS diet for 3 days restored the Gck and Cyp26a1 expressions, and for

7 days restored the Gck, Cyp26a1, Igf1, and Rxrb expressions significantly. The

7-day VA replenishment partially restored the hepatic gene expressions and

metabolic changes in VAD ZL rats.

KEYWORDS

body weight, hepatic gene expression, plasma glucose, vitamin A deficient, vitamin A
sufficient, Zucker rats

Introduction

Chronic metabolic diseases have become a concern of global health. For example,
global diabetes prevalence in 2019 was about 463 million, which number is anticipated
to be 700 million in 2045 (1). This also increases the financial burden globally as the
total diabetic expenditure was estimated to be 760 billion dollars in 2019 worldwide
(2). On the other hand, the world is also facing a challenge to feed the ever-increasing
population on earth. The global food production has to rise 50% by the year 2030 to
meet this demand, which may create two scenarios, malnutrition in certain areas and
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overnutrition in others worldwide (3). Therefore, a clear
understanding of nutrients’ roles will benefit human
health globally.

As an essential and lipophilic micronutrient, vitamin A
(VA, retinol) plays crucial roles in the general health of an
individual, such as vision, growth, and immune responses (4,
5). The active metabolite of retinol, retinoic acid (RA), exists
in multiple isomeric forms, such as all-trans RA and 9-cis RA.
Retinol is reversibly oxidized into retinal by (retinol) alcohol
dehydrogenases and short-chain dehydrogenases/reductases.
The conversion of retinal to RA is an irreversible process
catalyzed by (retinal) aldehyde dehydrogenases. RA regulates
gene expression through the activations of two families of
nuclear receptors, retinoic acid receptors (RARα, β, and γ), and
retinoid X receptors (RXRα, β, and γ). Additional transcription
factors such as hepatocyte nuclear factor 4α, and chicken
ovalbumin upstream transcription factor II may also mediate
RA’s effects on gene expressions (6, 7). RA is further catabolized
into more polar metabolites for excretion by a RA-4-hydroxylase
(gene Cyp26a1), a RA-responsive gene whose hepatic expression
is induced after RA treatment (8). Recently, the effects of VA
status on glucose and lipid metabolism have been recognized
and appreciated (9, 10).

Metabolic abnormalities, such as obesity and diabetes, are
often associated with profound changes in hepatic glucose and
lipid metabolism (11, 12). In an attempt to find lipophilic
molecules that influence insulin actions in hepatocytes,
we found an activity that can modulate insulin-regulated
expressions of the cytosolic form of phosphoenolpyruvate
carboxyl kinase gene (Pck1) (13) and glucokinase gene (Gck)
(14) in primary hepatocytes. The molecule responsible for this
activity was identified as retinoids (14). RA also synergizes with
insulin to induce the hepatic expression of sterol regulatory
element-binding protein 1c gene (Srebp-1c), which is a master
regulator of the expressions of genes responsible for the
hepatic lipogenesis (15). The VA signaling regulates these genes’
expression via retinoic acid responsive elements (RAREs) on
their promoters (6, 16, 17). All these demonstrate the role of VA
signaling in the regulation of the expression levels of genes for
the hepatic glucose and lipid metabolism.

Vitamin A status regulates body weight (BW), glucose,
and lipid levels in animals. VA deficiency reduced BW gain
(18) and depleted hepatic glycogen (19) in rats. On the other
hand, excessive dietary VA intake in the form of retinyl esters
significantly induced the hepatic glycogen content (20). The
Zucker Fatty (ZF) rats are an animal model which carries
a spontaneous mutation in the leptin receptor gene, causing
obesity and insulin resistance. Zucker Diabetic Fatty (ZDF) rats
are a well characterized animal model of type 2 diabetes (T2D).
ZDF rats were derived by selectively inbreeding of ZF rats, which
led to a sub-strain that develops overt T2D at around 10 weeks
of age. Studies have shown that when male Zucker lean (ZL) and
ZF rats were fed a VA sufficient (VAS) or VA deficient (VAD) diet

for 8 weeks, the VAD diet prevented obesity and hyperlipidemia
in ZF rats (21–24). VA status regulates the respiratory exchange
ratio in ZL rats (24). Recently, we have shown that reduction
of dietary VA status prevents the obesity and T2D in ZDF
rats (25). ZF and ZDF rats have leptin receptor mutations
that lead to hyperphagia, overnutrition, and development of
obesity and T2D (26, 27). We have shown that the expression of
retinaldehyde dehydrogenase 1 (Raldh1) gene level was elevated
in the liver and hepatocytes of ZF rats (28), which might have
led to the excessive hepatic RA production and increase in
lipogenesis. The Raldh1 knockout mice are resistant to diet-
induced obesity and insulin resistance (29). This was attributed
to that the knockout mice have elevated retinaldehyde levels in
adipose tissues, which probably suppressed adipogenesis (29).
In humans with T2D, the plasma VA levels, and VA intake
show some variations depending on population studied (30–
33). Interestingly, RA treatment was shown to benefit blood
glucose control in ZDF rats (34), and ob/ob mice (35). All
these demonstrate that VA and its signaling play a role in the
regulation of metabolism.

Given the important roles of VA in the regulation of
metabolism, we hypothesize that the replenishment of VA in the
diet will restore the expression levels of hepatic genes for glucose
and lipid metabolism in the VAD animals. Here, ZL and ZF rats
were fed a VAD diet for 8 weeks, and then ZL rats were refed a
VAS diet for 3 or 7 days. We report that refeeding of a VAS diet
for 3 or 7 days partially restored the hepatic expression levels of
genes altered by VA deficiency in ZL rats.

Materials and methods

Reagents

The reagents for collecting plasma glucose were obtained
from DiaSys Diagnostic Systems GmbH (Germany). The ELISA
kits for insulin (#ml302840), leptin (#ml002969), and glucagon
(#ml600102) were purchased from Shanghai Enzyme-linked
Biotechnology Company (China). Reagents for cDNA synthesis,
real-time PCR and other compounds were obtained from
Shanghai Sangon Biotech Company (China).

Animals and diets

Male ZL (fa/+ or +/+) and ZF (fa/fa) rats were bred
and maintained in the animal facility of the Taikang Medical
Diagnosis Service (Hebei) Ltd. (Guan, Hebei, China). They
were housed in colony cages in a temperature and humidity-
controlled environment. The synthetic VAD and VAS diets
were isocaloric and contained 4.05 kcal/g (1 cal = 4.184 J)
diet, which had been used previously (23). The synthetic basal
diet contained 18.3, 22.1, and 59.6% energy from protein,
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fat (ether extract), and carbohydrate, respectively. Both diets
had 10% (w/w) fat, in which the contents of total saturated,
monounsaturated, and polyunsaturated fatty acids were 2.72,
3.31, and 3.42%, respectively. The VAS diet contained 22.1 IU
VA/g diet, whereas the VAD diet contained 0 IU VA/g diet.

Two sets of experiments were conducted to evaluate the
impacts of VA status on BW gain and metabolism in ZL and
ZF rats. The first one was aimed to determine whether Zucker
rats with different genotypes (+/+, +/fa, and fa/fa) and genders
(male and female) respond differently to a VAD diet. Both male
and female ZL (+/+ or fa/+) or ZF rats after weaning (3 weeks
of age) were fed a VAD or a VAS diet for 8 weeks. Their BW
and body length were measured weekly. The second experiment
was aimed to determine whether refeeding of a VAS diet for
3 or 7 days will promote BW gain and restore the expression
levels of hepatic genes involved in glucose and lipid metabolism.
Here, ZL rats (+/+ and fa/+) after weaning were fed a VAD or
VAS diet for 8 weeks. At the end of the 8-week feeding, the
VAD rats were fed the VAS diet for 3 or 7 additional days.
The 8-week protocol was sufficient to induce VA deficiency
according to the original observation by McCollum and Davis
(1913) (18) and our previous studies (21, 23). All animals were
cared for in accordance with the Guide to the Care and Use of
Experimental Animals (36). All procedures were approved by
the Institutional Animal Care and Use Committee of Wuhan
Puren Hospital (No.: 2020-10).

Genotyping

The genotypes of ZL (+/+ and fa/+) and ZF (fa/fa) rats
were determined using a PCR based method as described in
Durham et al. (37). In brief, a piece of ear tissue was obtained
via punching, added to 75 µl of alkaline lysis buffer (25 mM
NaOH/0.2 mM EDTA), and incubated at 95◦C for 30 min
to release genomic DNA. The lysate was mixed with 75 µl
of 40 mM Tris–HCl buffer for neutralization and spun at
20,000 × g for 5 min to obtain supernatant, which was used
as the template for PCR amplification. Each PCR reaction
with a 25 µl volume contained 2.5 µl tissue lysate as the
template, 2.5 µl 10 × PCR buffer, 2.5 µl 25 mM MgCl2,
1 µl 100 mM dNTP, 0.5 µl 5U/µl Taq DNA polymerase,
1 µl each of 10 µm forward (5′-CGTATGGAAGTCACAGA-3′)
and reverse (5′GAATTCTCTAAATATTTCAGC-3′) primers,
and 14 µl water. The reverse primer contains a single base
substitution (C to G) at the 3′ end, which generates a PvuII site
in the wild type allele only. The PCR conditions were: 95◦C for
5 min, and 40 cycles of 95◦C for 30 s, 60◦C for 30 s, and 72◦C
for 30 s. After that, 20 µl of the PCR product were digested
in a 28 µl reaction containing 10 units of PvuII at 37◦C for
1 h, and subjected to gel electrophoresis in a 4% agarose gel
with 10 mg/mL ethidium bromide and 0.5× Tris-borate-EDTA
buffer. The wildtype genotype (+/+), heterozygous (fa/+), and

homozygous (fa/fa) genotypes showed the presence of one 80 bp
band, 80 and 101 bp bands, and one 101 bp band, respectively.

Plasma and tissue sample collection
and measurements

At the end of feeding, animals were fasted for 6 h after the
diets were removed at around 7:00 AM, and euthanized under
CO2 before tissue and plasma sample collections. Accumulated
venous blood was collected into EDTA coated tubes and
centrifugated at 2,000 ×g and 4◦C for 20 min to obtain the
plasma. The liver of both male and female rats, and two pads
of epididymal white adipose tissue (WAT) of male rats was
removed, weighted, and immediately frozen in liquid nitrogen.
Tissue and plasma samples were stored at−80◦C until be further
processed. The plasma glucose level was determined using kits
from DiaSys Diagnostic Systems GmbH (Germany) following
the manufacture’s manual. The plasma insulin, leptin and
glucagon levels were measured using the ELISA kits according
to the manufacture’s manuals.

RNA extraction and real-time PCR

To extract total RNA, about 100 mg frozen rat liver sample
was added to 1 ml of TRIzol reagent (#15596026, Thermo Fisher,
Shanghai, China) according to the manufacture’s protocol. Any
contaminated DNA was removed using a DNA-free kit, and 2 µg
of DNA-free RNA was used for the synthesis of cDNA. Each
SYBR green based real-time PCR reaction in have a volume of
14 µl and contained cDNA reverse-transcribed from 14 ng of
total RNA, 2.33 pmol forward and reverse primers, and 7 µl of
2 × SYBR Green PCR Master Mix (Applied Biosystems). The
gene specific primers that will be provided upon request were
used to amplify the corresponding cDNA, and some of them
have been used previously (13, 14). PCR reactions in triplicates
were carried out in 96-well plates using a 7300 Real-Time PCR
system and were conducted as follow: 50◦C for 2 min, 95◦C
for 10 min, followed by 40 cycles of 95◦C for 15 s and 60◦C
for 1 min. The expression level of a particular gene was shown
as -4 cycle threshold (CT) value by subtracting the CT value
of 36B4 (an invariable control gene) from the CT value of
the indicated gene.

Statistics analysis

SPSS 23.0 software was used for statistical analysis.
Student’s t-test with 95% confidence interval and one-way
ANOVA with least significance difference post-hoc analysis
tests were performed to compare two and more than two
groups, respectively. If needed, natural log transformation
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was performed before analysis. Data were presented as
means ± S.E.M. The p-value less than 0.05 was considered
significantly different.

Results

Vitamin A deficiency reduced body
weight gain and body fat in Zucker
lean and Zucker fatty male rats

The effects of VA deficiency on ZL (+/+ or fa/+) or ZF (fa/fa)
male rats were analyzed after they had been fed a VAD or a
VAS diet for 8 weeks. As shown in Table 1, the initial BW of
ZL male rats at weaning (3 weeks of age) fed a VAD diet was
similar to that of the VAS group. At the end of the 8-week dietary
treatment, VAD ZL male rats had significantly lower BW, body
length, and BW gain than those of VAS rats (P < 0.05). In ZF
male rats, the parameters of BW, length, and BW gain after
8 weeks followed the same trend as those in ZL rats (P < 0.05),
demonstrating the reduced somatic growth when the rats were
fed a VAD diet (P< 0.05). The liver weight, but not the liver/BW
ratio, of the ZL male VAD rats was significantly lower than
that of VAS rats. However, the liver/BW ratios in the ZF male
rats were significantly different between VAD and VAS groups
(P < 0.05). The WAT weight and the WAT/BW ratio of VAD
male rats, regardless of lean or fatty, were all significantly lower
than those of VAS rats (P < 0.05). All these data demonstrated
that VA deficiency reduces the BW, liver weight and fat pad
weight in male Zucker rats. There appears to be no difference
between wild type (+/+) and heterozygous (+/fa) ZL male rats
fed the VAD or VAS diet.

Vitamin A deficiency reduced body
weight gain and body fat in Zucker
lean and Zucker fatty female rats

To evaluate whether female Zucker rats respond to the
change of VA status, ZL and ZF female rats were fed a VAD
or VAS diet for 8 weeks. Table 2 shows their BW, body length
and liver weight, and liver/BW ratio of ZL (+/+ and fa/+) and
ZF (fa/fa) female rats. Since female rats do not have epididymal
fat, we did not have fat data. Different from that of the ZL
male rats, values of body length of ZL female rats were similar
between VAD and VAS groups. The difference in body length
between VAD and VAS groups was only observed in ZF female
rats (P < 0.05). The liver weight in VAD female rats, but
not the liver/BW ratio, was still significantly lower than their
corresponding VAS female rats in the same genotype. As in the
ZL male rats, no difference was observed between wild type
(+/+) and heterozygous (fa/+) ZL female rats fed the VAD or
VAS diet. T
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TABLE 2 Body weight (BW), body length, liver weight, liver/BW ratio, and BW gain in female +/+, fa/+, and fa/fa Zucker rats fed a vitamin A deficient
(VAD) or vitamin A sufficient (VAS) diet for 8 weeks.

Genotype Diets (n) Start BW (g) End BW (g) BW gain (g) Length (cm) Liver (g) Liver/BW

+/+ VAD (8) 33.0± 2.9 128.8± 21.3a 93.8± 20.7a 32.4± 3.1 4.7± 0.6 0.038± 0.008

VAS (5) 34.3± 6.7 180.1± 18.3a′ , * 145.8± 17.9a′ , * 33.9± 1.5 6.1± 0.9a′ , * 0.034± 0.003a′

fa/+ VAD (8) 33.7± 3.3 139.9± 26.8a 106.3± 25.8a 32.4± 2.3 4.8± 0.5 0.035± 0.006

VAS (8) 35.4± 4.5 175.1± 19.0a′ , * 139.7± 17.3a′ , * 32.9± 3.2 6.9± 0.4a′ , * 0.040± 0.005b′ , *

fa/fa VAD (8) 36± 2.8 238.3± 66.4b 202.3± 63.8b 31.3± 2.9 7.0± 0.8 0.031± 0.007

VAS (7) 31.0± 3.4* 336.8± 60.8b′ , * 305.8± 59.4b′ , * 34.6± 2.0* 11.4± 1.5b′ , * 0.034± 0.004a′

BW, body weight; cm, centimeters; g, grams; VAD, vitamin A deficient; VAS, vitamin A sufficient; n, animal number in the indicated group. *For comparing VAD with VAS in the same
genotype using student’s t-test; a < b, a′ < b′ for comparing the different genotypes within the same diet using one way ANOVA; All P < 0.05.

As for female rats fed the VAD or VAS diet, end BW and
BW gain in ZL (+/+, fa/+) rats were obviously lower than that in
ZF (fa/fa) rats, presenting similar trend as male ones (P < 0.05).
The liver weight of ZF female rats fed the VAS diet was higher
(11.4 g) than that of +/+ and fa/+ ZL rats (6.1 and 6.9 g,
respectively). Interestingly, the live/BW ratio of heterozygous
ZL (fa/+) female rats (0.040) was higher than that of ZF (fa/fa)
female rats (0.034). All results indicate for the first time that ZL
(+/+ and fa/+) and ZF female rats responded to the VAD diet
largely like those male ones.

Refeeding of a vitamin A sufficient diet
for 3 or 7 days increased body weight
in Zucker lean male rats

As stated in our previous results, the responses to VAD or
VAS are largely similar between male and female rats. Therefore,
in order to determine the effects of refeeding of a VAS diet on the
BW regain, ZL (+/+ and fa/+) male rats after weaning (3 weeks
old) only were selected and then fed a VAS or a VAD diet for
8 weeks. After that, the VAD rats were refed the VAS diet for 3
or 7 days. As shown in Figure 1, ZL male rats fed a VAD diet
grew at a similar rate as those fed a VAS diet did for the first
2 weeks. Starting from the week 3 (21 days), ZL male rats fed
a VAD diet gained significantly less BW than those fed a VAS
diet did (P < 0.05). After on the diets for 4 weeks (28 days),
the BW values of rats in the VAD and VAD-VAS7d groups were
lower than that of VAD-VAS3d and VAS groups (&). After on
the diets for 5 weeks (35 days), the BW values of rats in the VAD
and VAD-VAS7d groups were lower than that in the VAS group,
and that in the VAD group were lower than that in the VAD-
VAS3d group (#). After on the diets for 6 (42 days) to 8 weeks
(56 days), the BW values of rats in the VAS group were higher
than that in the VAD-VAS3d and VAD-VAS7d groups, and that
in the VAD group were lower than that in VAD-VAS3d group
(ˆ). The BW values of ZL rats fed the VAD diet peaked at the
sixth week, and started to drop after that. The BW of ZL rats
fed the VAS diet continued to rise throughout the 8-week study
period (P < 0.05). The BW of the ZL rats in the VAD-VAS-3d

group were higher than that of VAD and VAD-VAS-7d group
at week 4 (P < 0.05). When the VAS diet was refed to the VAD
rats, the ZL rats in VAD-VAS3d and VAD-VAS7d groups started
to gain significant amount of BW at 3 (59 days) and 7 (63 days)
days comparing with that at the end of the 8-week (56 days)
feeding of the VAD diet (∗∗). These results demonstrate that
restoration of VA in the diet promoted BW gain in ZL rats.

Refeeding of a vitamin A sufficient diet
for 3 or 7 days increased plasma
glucose, insulin, and leptin levels

Plasma glucose, insulin, leptin, and glucagon levels were
measured in ZL rats fed a VAS or a VAD diet for 8 weeks, or
those fed a VAD diet and followed by the VAS diet for 3 (VAD-
VAS3d) or 7 (VAD-VAS7d). Table 3 shows that VAD ZL rats had

FIGURE 1

The body weight (BW) of Zucker lean (ZL) rats fed a vitamin A
sufficient (VAS), a vitamin A deficient (VAD) diet for 8 weeks, or
those fed a VAD diet for 8 weeks and followed by the VAS diet
for 3 (VAD-VAS3d) or 7 (VAD-VAS7d). Mean ± SEM, n = 8 for
each group; * For VAD < VAS, & for
VAD/VAD-VAS7d < VAD-VAS3d/VAS; # for VAD and
VAD-VAS7d < VAS and VAD < VAD-VAS3d,
ˆVAD < VAD-VAS3d < VAS and VAD-VAS7d < VAS using one
way ANOVA; ** for comparing VAD-VAS3d or VAD-VAS7d at the
indicated date with the BW of the group at 56 days (8 weeks).
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TABLE 3 Plasma glucose, insulin, leptin, and glucagon in Zucker lean (ZL) rats fed a vitamin A sufficient (VAS) or a vitamin A deficient (VAD) diet for
8 weeks, or those fed a VAD diet and followed by the VAS diet for 3 (VAD-VAS3d) or 7 (VAD-VAS7d).

Diets Glucose (mg/dL) Insulin (ng/mL) Leptin (ng/mL) Glucagon (pg/mL)

VAD 70.88± 9.06* 0.30± 0.08* 0.61± 0.23* 121.61± 77.09

VAS 100.25± 5.60 1.57± 0.75a 2.48± 2.47 171.08± 210.67

VAD + VAS 3 days 102.43± 9.38 0.68± 0.20 1.39± 0.94 67.47± 19.02

VAD + VAS 7 days 97.71± 8.28 0.66± 0.16 1.36± 0.57 65.43± 19.21

Plasma glucose, insulin, leptin, and glucagon were measured in ZL rats fed a VAS or a VAD diet for 8 weeks, or those fed a VAD diet and followed by the VAS diet for 3 (VAD-
VAS3d) or 7 (VAD-VAS7d). Mean ± SEM, n = 8 for each group; *P < 0.05, as compared with VAS, VAD-VAS 3 days and VAD-VAS 7 days; a P < 0.05, for comparing with VAD-VAS
3 days, VAD-VAS 7 days.

lower plasma glucose, insulin, and leptin levels than the VAS ZL
rats. The refeeding of the VAS diet for 3 or 7 days respectively
increased the plasma levels of glucose, insulin, and leptin in ZL
rats of the VAD-VAS3d and VAD-VAS7d groups significantly in
comparison with that of the VAD group (P < 0.05). There was a
trend of reduction of plasma glucagon levels in rats of the VAD-
VAS3d and VAD-VAS7d groups in comparison with that of
VAD and VAS groups, but did not reach statistical significance,
probably due to large variations of the data. The increases in
plasma insulin, leptin and glucose levels demonstrate that VA
sufficiency promotes anabolism.

Refeeding of a vitamin A sufficient diet
for 3 or 7 days partially recovered the
hepatic expression levels of genes
involved in vitamin A, glucose, and lipid
metabolism

We next compared the hepatic mRNA levels of Cyp26a1
(cytochrome P450 26a1 gene as an indicator of VA status),
Gck (glucokinase gene in glycolysis), Fas (fatty acid synthase
gene in the lipogenic pathway), Me (malic enzyme gene for the
production of NADPH), Acc1 (acetyl-CoA carboxylase gene in
the lipogenic pathway), Srebp-1c (a key gene in lipogenesis),
G6pc (Glucose-6-phosphatase catalytic subunit gene in
the gluconeogenic pathway), Pck1 (phosphoenolpyruvate
carboxykinase gene in the gluconeogenic pathway), Igfbp1
(Insulin-like growth factor-binding protein-1 gene for the
binding of insulin-like growth factor 1), and Igf1 Insulin-
like growth factor 1 gene for the regulation of growth and
metabolism) in ZL male rats of the VAD, VAS, VAD + VAS3d,
and VAD + VAS7d groups. As shown in Figure 2, the hepatic
expression level of Cyp26a1 in ZL rats of the VAD group
was significantly lower than that of VAS, VAD-VAS3d, and
VAD-VAS7d, showing the improvement of VA status after
refeeding of the VAS diet for 3 and 7 days in VAD-VAS3d
and VAD-VAS7d groups. The expression level of Gck mRNA
followed the same trend.

The hepatic expression level of Fas mRNA in the VAD-
VAS7d, but not that in the VAS and VAD-VAS3d groups, was

higher than that in the VAD group, suggesting the increase
in the hepatic fatty acid synthesis after feeding the VAS diet
for 7 days. Interestingly, the hepatic levels of Me mRNA in
the VAS group was significantly higher than that VAD, VAD-
VAS3d, and VAD-VAS7d groups, which are not different among
them. The hepatic levels of Acc1 and Srebp-1c mRNA in the VAS
group were higher than that in the VAD group, which was not
changed after refeeding of the VAS diet in the VAD-VAS3d and
VAD-VAS-7d groups.

The expression levels of G6pc mRNA were not different
among the four groups. The Pck1 mRNA level in the VAD
group was higher than that in the VAD-VAS3d group, but not
different from that in the VAS and VAD-VAS7d groups. The
Igfbp1 mRNA level in the VAD group was significantly higher
than that in the VAS, VAD-VAS3d, and VAD-VAS7d groups,
showing the impacts of the VA status on metabolism. The Igf1
mRNA levels in the VAD and VAD-VAS3d groups were lower
than that in the VAS and VAD-VAS7d groups, showing that it
took 7 days to restore the Igf1 expression in the liver.

Refeeding of a vitamin A sufficient diet
for 3 or 7 days partially recovered the
hepatic expression levels of nuclear
receptors responsible for vitamin A
signaling

To determine whether the restoration of VA status affects
the expression levels of nuclear receptors involved in mediating
RA signaling and regulating glucose and fatty acid metabolism,
we compared the hepatic mRNA levels of Rara (retinoic acid
receptor alpha gene), Rarb (retinoic acid beta gene), Rxra
(retinoid X receptor alpha gene), Rxrb (retinoid X receptor
beta gene), Rxrg (retinoid X receptor gamma gene), Ppargc1a
(peroxisome proliferator-activated receptor gamma coactivator
1 alpha gene), Ppara (peroxisome proliferator-activated receptor
alpha gene), Pparg (peroxisome proliferator-activated receptor
gamma gene), and Ppard (peroxisome proliferator-activated
receptor delta gene), of the ZL rats in the four dietary groups.
As shown in Figure 3, the hepatic levels of Rara mRNA in the
VAD and VAS groups were not different, whereas that in the
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FIGURE 2

The hepatic mRNA levels of Cyp26a1, Gck, Fas, Me, Acc1, Srebp-1c, G6pc, Pck1, Igfbp1, and Igf1 in Zucker lean (ZL) rats fed the vitamin A
deficient (VAD) for 8 weeks, the vitamin A sufficient (VAS) diet for 8 weeks, or fed the VAD diet for 8 weeks followed by the VAS diet for 3
(VAD + VAS3d) or 7 (VAD + VAS 7d) days. Data are presented as mean ± SEM of minus delta Ct (cycle threshold); n = 7, 5, 5, and 5 for the VAD,
VAS, VAD-VAS3d, and VAD-VAS7d, respectively; a < b for Cyp26a1 (cytochrome P450 26a1), c < d for Gck (glucokinase), e < f for Fas (fatty acid
synthase), g/h for Me (malic enzyme), i < j for Acc1 (acetyl CoA carboxylase alpha), k < l for Srebp-1c (sterol regulatory element-binding protein
1c), m > n for Pck1 (cytosolic form of phosphoenolpyruvate carboxykinase), o > p for Igfbp1 (insulin like growth factor-binding protein 1), q < r
for Igf1 (insulin-like growth factor 1); all P < 0.05.

FIGURE 3

The hepatic mRNA levels of Rara, Rarb, Rxra, Rxrb, Rxrg, Ppargc1a, Ppara, Pparg, and Ppard in Zucker lean (ZL) rats fed a vitamin A deficient
(VAD) or vitamin A sufficient (VAS) diet for 8 weeks or fed a VAD diet for 8 weeks and fed a VAS diet for 3 (VAD + VAS 3d) or 7 (VAD + VAS 7d)
days. Data are presented as mean ± SEM of minus delta Ct (cycle threshold); n = 7, 5, 5, and 5 for the VAD, VAS, VAD-VAS3d, and VAD-VAS7d,
respectively; a < b for Rara (retinoic acid receptor alpha), c < d for Rarb (Retinoic acid receptor beta), e < f for Rxra (rexinoid X receptor alpha),
g > h for Rxrb (rexinoid X receptor beta), i < j for Rxrg (rexinoid X receptor gamma), k > l for Ppargc1a (peroxisome proliferative activated
receptor gamma coactivator 1 alpha), m > n for Ppara (peroxisome proliferative activated receptor alpha), o < p for Pparg (peroxisome
proliferative activated receptor gamma), q > r for Ppard (peroxisome proliferative activated receptor delta or beta).

VAD-VAS7d group was higher than that in the VAD-VAS3d
group. The level of Rarb mRNA in the VAS group was higher
than that in the VAD group, which was restored by the feeding
of the VAS diet for 7, but not 3 days (c < d). The mRNA
levels of Rxra, Rxrg, Pparg and Ppard in the VAS group were
higher than that in the VAD and VAD-VAS3d groups, whereas

that in the VAD-VAS7d group had a trend to return, but did
not reach statistical significance. The mRNA levels of Rxrb in
the VAS and VAD-VAS7d groups were higher than that in
the VAD-VAS3d group. The mRNA level of Ppargc1a in the
VAD group was higher than that in VAS, VAD-VAS3d, and
VAD-VAS7d groups. The mRNA level of Ppara in the VAS

Frontiers in Nutrition 07 frontiersin.org

1312

https://doi.org/10.3389/fnut.2022.999323
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/


fnut-09-999323 October 6, 2022 Time: 11:33 # 8

Tian et al. 10.3389/fnut.2022.999323

group was higher than that in the VAD-VAS3d and VAD-VAS7d
groups.

Discussion

Here, we evaluated the effects of VA status on the BW gain
in wild type (+/+), heterozygous (fa/+), and homozygous (fa/fa)
Zucker rats of both genders, and the expression levels of hepatic
genes in response to the refeeding of a VAS diet for 3 and
7 days in ZL male rats. We observed that VA deficiency leads
to less BW gain in +/+, fa/+, and fa/fa rats of both genders.
In addition, the refeeding of a VAS diet to VAD ZL male rats
partially restored the expression levels of hepatic genes involved
in metabolic controls.

We have shown previously that ZL and ZF male rats fed
a VAD diet have lower BW than those fed a VAS diet for
8 weeks (21–24). This is the first time that the responses of
female ZL (+/+ and fa/+) and ZF rats to a VAD diet were
presented. Generally, the responses of female Zucker rats to the
VAD diet like those of the male ones. The responses of BW
and liver weight of +/+ and fa/+ female rats to VA deficiency
do not differ from each other in either VAD or VAS condition,
indicating the equivalence of the wild type and heterozygous ZL
rats regarding the VA status.

Therefore, male ZL rats with both +/+ and fa/+ genotypes
were used in the VAS refeeding experiment after they were
weaned (3 weeks of age). Male ZL rats were fed the VAD diet
for 8 weeks, and then those VAD rats were fed a VAS diet for
3 or 7 days. The refeeding of a VAS diet for 3 or 7 days is
sufficient to increase the BW of those VAD rats significantly.
What is noteworthy, we also noticed that ZL rats assigned to the
VAD-VAS-3d had higher BW than the VAD and VAD-VAS-7d
groups at certain time points, showing their slightly differential
responses to the VAD diet during the course to develop VA
deficiency. We attributed this difference to the variations of the
original VA storage in ZL rats at weaning as they were derived
from different breeding pairs, mothers with slightly different
nutritional status and age. It is difficult to obtain animals with
the same VA status at weaning, which is why we designed an 8-
week protocol to ensure the animals in VAD groups to reach VA
deficiency. Nevertheless, the BW gain of ZL rats in all three VAD
groups stopped at round 6 weeks, demonstrating the success of
VA deficiency. This served our original purpose to induce VA
deficiency before the replenishment. The BW gain started to
increase when the dietary VA became available, demonstrating
clearly that VA plays an anabolic role in rats.

We have shown previously that the flux of dietary
VA induces the expression of hepatic genes responsible for
lipogenesis, such as Gck and Srebp-1c in the VAD ZL rats fed
a VAS, but not a VAD diet (24). This occurs 6 h later after the
intake of a VAS diet in the VAD ZL rats (24). Interestingly, in
the current experimental setting, the expression levels of Gck,

but not Srebp-1c, Me and Acc1, mRNA levels in the ZL VAD rats
fed the VAS diet for 3 or 7 days were returned to that of the VAS
rats. The Fas mRNA level in VAD-VAS7d, but not VAD-VAS3d,
group is significantly higher than that in the VAD group. All
these indicate that the presence of VA for 3 or 7 days in those
VAD rats increase certain, but not all, mRNA levels of genes
whose expression levels have been altered due to the VAD status.

Here, we demonstrate that the feeding of a VAS diet to the
VAD rats restores their hepatic gene expression profile toward
that of the VAS rats differentially. For certain genes such as
Cyp26a1, Gck, ppargc1a, and Igfbp1, a 3-day refeeding of a VAS
diet is sufficient, whereas for others such as Rarb and Rxrb, it
took 7 days. As far as we know, this is the first time that the
expression levels of genes involved in the hepatic glucose, and
lipid metabolism are measured after VA returns to the body.
Regarding the transcription factors and cofactors, the changes
of Ppargc1a is similar to that of Gck and Igfbp1. On the other
hand, the expression levels of Rarb and Rxrb in the VAD-VAS7d,
but not VAD-VAS3d, group returned to level of the VAS group,
which is similar to that of Igf1. It has been known that the
binding of IGFBP-1 to IGF1 could reduce the IGF-1’s action in
metabolism during fasting (38). Our data show that the hepatic
mRNA levels of Igfbp-1 and Igf1 are regulated differentially by
the VA status. Actually, the hepatic Igfbp-1 mRNA expression
is regulated by insulin (39). The hepatic Igfbp-1 mRNA is
independent of circulating IGF-1 in humans. It is reasonable as
there are other IGFBPs (40).

All these results show that the mRNA levels of those genes
in the VAD rats return to the levels of VAS rats at different
paces. For some of them, refeeding of a VAS diet for 3 days
is sufficient. However, for others, the refeeding of a VAS for
7 days might not even enough. Whether this phenomenon is
caused by the change of VA metabolism after the return of
VA in the body or due to any permanent change of the gene
expression due to VA deficiency remains to be answered. Future
experiments with longer refeeding of a VAS diet are needed to
answer this question.

We have also shown that VA status regulates the respiratory
exchange ratio in ZL rats (24). It will be interesting to see how
many days is sufficient for the VAD rats after refed a VAS diet to
increase the anabolism as those VAS rats. Whether returning to a
normal anabolism precedes the gene expression changes or after
the recovery of the gene expression is an excellent future project.

Our current project has some limitations. First, we did not
include groups with longer refeeding time of the VAS diet to
show whether the expression levels of those genes changed by
VA deficiency really can recover or not. This can be done in
the future. Second, we only tested the refeeding in ZL rats, but
not ZF rats. It will be interesting to see whether the reduced
BW or the correction of obesity in VAD ZF rats is a transient
phenomenon due to VA deficiency or a permanent change.
Third, we only measured the hepatic gene expression due to
limited resources. It will be interesting to see whether the gene
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expression levels also change in other tissues such as fat. This
can be done in the future as well.

Conclusion

In summary, both female and male ZL and ZF rats fed a VAD
diet have lower BW gain, and liver mass than that fed a VAS diet,
clearly demonstrating the role of VA in anabolism. Refeeding
of a VAS diet in VAD ZL rats is sufficient to restore BW gain
and partial expressions of genes affected by VA deficiency. These
data demonstrated that the VAD rats are excellent molecular
nutrition models to study the effects of VA on glucose and lipid
metabolism after reintroducing VA in the animal body. They
will certainly help our understanding of gene regulation in vivo
and underlying mechanisms by which overnutrition leads to the
development of metabolic diseases such as obesity and T2D.
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Sphingolipids are common structural components of cell membranes and are

crucial for cell functions in physiological and pathophysiological conditions.

Sphingomyelin and its metabolites, such as sphingoid bases, ceramide,

ceramide-1-phosphate, and sphingosine-1-phosphate, play signaling roles in

the regulation of human health. The diverse structures of sphingolipids elicit

various functions in cellular membranes and signal transduction, which may

affect cell growth, differentiation, apoptosis, and maintain biological activities.

As nutrients, dietary sphingomyelin and its metabolites have wide applications

in the food and pharmaceutical industry. In this review, we summarized the

distribution, classifications, structures, digestion, absorption and metabolic

pathways of sphingolipids, and discussed the nutritional functioning of

sphingomyelin in chronic metabolic diseases. The possible implications of

dietary sphingomyelin in the modern food preparations including dairy

products and infant formula, skin improvement, delivery system and oil

organogels are also evaluated. The production of endogenous sphingomyelin

is linked to pathological changes in obesity, diabetes, and atherosclerosis.

However, dietary supplementations of sphingomyelin and its metabolites have

been shown to maintain cholesterol homeostasis and lipid metabolism, and

to prevent or treat these diseases. This seemly paradoxical phenomenon

shows that dietary sphingomyelin and its metabolites are candidates for food

additives and functional food development for the prevention and treatment

of chronic metabolic diseases in humans.

KEYWORDS

sphingolipids, sphingomyelin, structure, metabolism, digestion, chronic metabolic
diseases, applications

Introduction

Phospholipids act as the main component of biological membranes, emulsifier and
surfactant. There are two types of phospholipids. The first one is glycerophospholipids
with a glycerol backbone such as phosphatidylcholine, phosphatidylethanolamine,
phosphatidylserine, phosphatidylglycerol, phosphatidylinositol, cardiolipin,
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plasmalogen, phosphatidic acid and platelet activating factor
(1). The other one is sphingolipids with sphingosine, the
second largest group of membrane lipids. Sphingolipids
such as ceramides, sphingomyelin, and glycosphingolipids
have a polar head group and two non-polar tails (a long
hydrocarbon fatty acyl group and a sphingoid base backbone)
(2). Glycerophospholipids are important amphiphilic
substances due to the presence of a hydrophilic head composed
of substituent groups linked by phosphoric acid and a
hydrophobic tail composed of fatty acyl groups. Currently,
the LIPID MAPS database includes more than 4900 known
sphingolipids, which are commonly found in all viruses,
prokaryotes and eukaryotes (3). Sphingolipids are mainly
found in membranes of cells, where the hydrophobic tail of
phospholipids and other membrane lipids such as cholesterol
are embedded. Both plasma and organelle membranes
contain sphingomyelin, which distributes symmetrically
throughout the membrane’s bilayer. Contrarily, sphingolipids
that are glycosylated (glycosphingolipids) are often arranged
asymmetrically with their saccharide moieties facing the
extracellular environment (4). Since the discovery in the
1880s (5), sphingolipids have been located on cell membranes,
lipoproteins and other lipid-rich tissue structures, and are
considered very important for maintaining membrane integrity,
lipid raft formation, cell metabolism and signal transduction,
cell growth, differentiation and apoptosis (6, 7). In foods,
sphingolipids are present in dairy products, egg, meat product
and soybeans, and some fruits and vegetables in small
amounts (8).

The de novo synthesis of sphingolipids begins with
the formation of ceramides, which is derived from serine
and palmitate in a process that consists of condensation,
reduction, acylation, and desaturation in the endoplasmic
reticulum (ER). Then, ceramides are transported to the Golgi
apparatus for the formations of sphingomyelin, ceramide-
1-phosphate (C1P), inositol phosphorylceramides and
glycosphingolipids (9–11). Sphingomyelin is one of the most
important sphingolipids in animal tissues. Sphingomyelin
from sources varies in sphingosine [long-chain bases
(LCBs)] and fatty acyl groups (12). Sphingomyelin co-
exists with phosphatidylcholine on the outer leaflet of the
cell membrane. The dietary sphingomyelin is digested
by intestinal alkaline SMase (Alk-SMase) and neutral
ceramidase (N-CDase), and eventually hydrolyzed to
ceramides, phosphorylcholine, sphingosine and fatty acids
in the small intestine (3, 13). Unlike sphingomyelin and
ceramides, sphingosine can be absorbed intact into intestinal
mucosal cells and converted to sphingosine-1-phosphate
(S1P), ceramides, sphingomyelin and glycosphingolipids,
which are transported with chylomicrons into the lymph
circulation and then the blood circulation, and newborn
high-density lipoproteins (HDL) into the blood circulation
(3, 13–15). The sphingomyelin metabolism and its plasma

level are also affected by the types of fatty acids in the
diet, vitamin B6, vitamin C, vitamin D, and vitamin K
(16–23). The endogenous sphingomyelin is involved in
adipose tissue function, obesity, diabetes and atherosclerosis
related pathology (24–27), while exogenous dietary
sphingomyelin may be beneficial for regulating cholesterol
homeostasis and lipid metabolism, and for the prevention
and treatment of chronic metabolic diseases (28–32).
Due to the nutritional functions of dietary sphingomyelin
and its metabolites, it has broad application prospects
in food industry.

Classification and structures of
sphingolipids

Classification of sphingolipids

When Johann Ludwig Wilhelm Thudichum isolated
sphingolipids from the nerve tissues in 1880s, he named the
molecule “sphingosine” after the Greek mythological creature
sphinx, the beast of ancient Egyptian mythology that loved
to present many enigmas to the inquirers (5). The LIPID
MAPS Lipid Classification System classifies lipids into eight
categories, fatty acyls, glycerolipids, glycerophospholipids,
sphingolipids, sterol lipids, prenol lipids, saccharolipids,
and polyketides. As shown in Table 1, sphingolipids
have the most structural diversity and are subdivided
into sphingoid bases, ceramides, phosphosphingolipids,
phosphonosphingolipids, neutral glycosphingolipids,
acidic glycosphingolipids, basic glycosphingolipids,
amphoteric glycosphingolipids, arspidenosphingolipids
and other sphingolipids (2). Sphingoid bases that include
sphingosines, sphinganines, phytosphingosines, sphingoid
base homologs and variants (C14, C16, and C17), sphingoid
base S1P, lysosphingomyelins and lyso(glyco)sphingolipids,
N-methylated sphingoid bases and sphingoid base analogs are
the backbone of sphingolipids. A ceramide is generated
when a fatty acyl group is linked to the sphingoid
bases through an amide-linkage. There are ceramides,
dihydroceramides, phytoceramides, acylceramides and
its phosphate derivative C1P. Phosphosphingolipids such
as sphingomyelins, ceramide phosphoethanolamines and
ceramide phosphoinositols, are formed when the head
group such as phosphocholine is linked to the ceramide
via a phosphodiester linkage. In addition, simple and
complex glycosphingolipids can be formed when mono or
polysaccharides are attached to ceramide via glycosidic bonds
such as in cerebrosides and gangliosides, respectively. Based
on the polar parts, glycosphingolipids can be classified into
three categories neutral, acidic, alkaline and amphoteric
glycosphingolipids.
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TABLE 1 Classification and representative structures for sphingolipids.

Common name Systematic name Formula Structure

Sphingoid bases

Sphingosine Sphing-4-enine C18H37NO2

Sphinganine Sphinganine C18H39NO2

Phytosphingosines 4R-hydroxysphinganine C18H39NO3

C16 Sphinganine Hexadecasphinganine C16H35NO2

Sphingosine-1-phosphate Sphing-4-enine-1-phosphate C18H38NO5P

Sphingosine-1-phosphocholine Sphing-4-enine-1-phosphocholine C23H49N2O5P

N,N-dimethylsphingosine N,N-dimethylsphing-4-enine C20H41NO2

Ceramide

Ceramide N-acyl-sphing-4-enine –

Dihydroceramide N-acyl-sphinganine –

Cer(t18:0/16:0) N-(hexadecanoyl)-4R-
hydroxysphinganine

C34H69NO4

Omega-linoleoyloxy-Cer(d18:1/30:0) N-(30-(9Z,12Z-octadecadienoyloxy)-
triacontanoyl)-sphing-4-enine

C66H125NO5

Ceramide-1-phosphate N-(acyl)-sphing-4-enine-1-phosphate –

Phosphosphingolipids

Sphingomyelin N-acyl-sphing-4-enine-1-phosphocholine –

N-Acyl ceramide phosphoethanolamine N-(acyl)-sphing-4-enine-1-
phosphoethanolamine

–

PI-Cer(d18:1/22:0) N-(docosanoyl)-sphing-4-enine-1-
phospho-(1′-myo-inositol)

C46H90NO11P

Phosphonosphingolipids

Ceramide ciliatine N-(acyl)-sphing-4-enine-1-(2-
aminoethylphosphonate)

–

Neutral glycosphingolipids

Glucosyl sphingosine 1-β-glucosyl-sphing-4-enine C24H47NO7

Gb3(d18:1/16:0) Galα1-4Galβ1-4Glcβ-Cer(d18:1/16:0) C52H97NO18

Asialo-GM2(d18:1/16:0) GalNAcβ1-4Galβ1-4Glcβ-Cer(d18:1/16:0) C54H100N2O18

(Continued)
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TABLE 1 (Continued)

Common name Systematic name Formula Structure

Lc3Cer(d18:1/16:0) GlcNAcβ1-3Galβ1-4Glcβ-Cer(d18:1/16:0) C54H100N2O18

Acidic glycosphingolipids

Gangliosides GM4(d18:1/16:0) NeuAcα2-3Galβ-Cer(d18:1/16:0) C51H94N2O16

SulfoglycosphingolipidsGalbeta-Cer(d18:1/18:0) N-octadecanoyl-1-β-(3′-sulfo)-glucosyl-
sphing-4-enine

C42H81NO11S

GlucuronosphingolipidsGlcAbeta-Cer(d18:1/18:0) N-(octadecanoyl)-1-β-glucuronosyl-
sphing-4-enine

C42H79NO9

Basic glycosphingolipids

Psychosine 1-β-galactosyl-sphing-4-enine C24H47NO7

Amphoteric glycosphingolipids

Psychosine sulfate (2S,3R,4E)-2-amino-3-hydroxyoctadec-4-
en-1-yl β-D-galactopyranoside
6-(hydrogen sulfate)

C24H47NO10S

Structures of sphingolipids

Studies have identified more than 600 lipid species from
23 lipids classes and more than 2,300 novel features (33).
The sphingoid base backbone is synthesized de novo from
serine and a fatty acid. After a fatty acyl chain is added
to the amine group of sphingoid bases, sphingosines,
sphinganine and phytosphingosine are transformed to
ceramide, dihydroceramide, and phytoceramide, respectively.
The attachment of hydrophilic head groups to the OH-
group of C-1 of the ceramide yields phosphosphingolipids,
phosphonosphingolipids, glycosphingolipids, and other
species, including protein adducts (34). Naturally derived
sphingoid bases vary in alkyl chain length and branching,
the level of saturation, the number of hydroxyl groups and
other characteristics (35–37). The variations of sphingosine
bases, fatty acyl and hydrophilic head groups together make
them the most diverse and complex lipid class. As shown in
Table 1, sphingosine has a double bond at the C-4 position,
and sphinganine and phytosphingosine are fully saturated,
while phytosphingosine has an extra hydroxyl group. The
abbreviations “d” and “t” seen in the shorthand nomenclature
in Table 1 is to indicate the number of hydroxyl groups
followed by the number of carbon atoms in the backbone and
the number of double bonds in the fatty acyl group, while
“d” is for the two (di-) hydroxyls group and “t” (tri-) for the
additional hydroxyl group (38). So, sphingosine, sphinganine

and phytosphingosine are designated as d18:1, d18:0, and
t18:0, respectively. In addition, sphingoid base also includes
the 1-phosphates, lysosphingolipids and N-methyl derivatives.
The fatty acyl groups of ceramides are typically saturated or
monounsaturated with various chain length from 14 to 36
carbons, while ceramides with C16, C18, and C24 are the
most common ones in mammalian cells (2, 39, 40). When
head groups (phosphate, phosphocholine or carbohydrate)
are attached to ceramides at the C1-hydroxyl position, more
complex sphingolipids such as C1P, phosphosphingolipids or
glycosphingolipids are created (39). N-acylation of sphingosine
creates dihydroceramides with C14 to C26 or in rare cases even
up to C36 fatty acyl groups. The saturated or monounsaturated
fatty acyl groups can be modified with an α and one additional
hydroxylation. Sphingomyelin is composed of a sphingosine, a
fatty acyl group and a phosphorylcholine head group (41). Its
overall structure is roughly equivalent to replacing glycerol and
a fatty acyl group in glycerophospholipid with sphingosine.

Glycosphingolipids can be divided into four sub-classes
according to the types of carbohydrates and additional
substituents, including neutral glycosphingolipids, acidic
glycosphingolipids, basic glycosphingolipids and amphoteric
glycosphingolipids (2). Neutral glycosphingolipids, also known
as cerebrosides, contain one or more uncharged sugars, such
as glucose (Glc), galactose (Gal) or N-acetylgalactosamine
(GalNAc), N-acetylglucosamine (GlcNAc) and fucose.
Acidic glycosphingolipids contain ionized groups adjoined
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to neutral or charged carbohydrates such as sialic acid to
form sulfoglycosphingolipids, glucuronosphingolipids and
gangliosides. Gangliosides contain negatively charged sialic
acids (N-acetylneuraminic acid or N-glycolylneuraminic acid),
and are named and classified according to the number of
sialic acid residues attached (M/D/T representing gangliosides
containing 1, 2, or 3 sialic acids, respectively) and inner sugar
moieties such as Glc, Gal or GalNAc connected to ceramides.
For example, the subscripts 1, 2, 3, 4 of gangliosides usually
can be expressed as: 1 is Gal-GalNAc-Gal-Glc-ceramide,
2 is GalNAc-Gal-Glc-ceramide, 3 is Gal-Glc-ceramide
and 4 is Gal-ceramide (42). Basic glycosphingolipids
refer only to psychosine or galactosylsphingosine that
contains Gal residue, while psychosine sulfate belongs to
amphoteric glycosphingolipids. Last, sphingolipids can be
covalently attached to proteins to form adducts such as β-
hydroxyceramides and inositol-phosphoceramides, which can
be found on surface proteins of skin cells and membrane
anchor proteins of fungi (43, 44). In cells, ceramides the
building blocks of all sphingolipids, can be synthesized de
novo from palmitoyl-CoA and serine or sphingosine and
a fatty acyl CoA. Sphingomyelin contains phosphate, but
not the glycerol backbone that glycerophospholipids have.
When a glucosyl or a galactosyl group is attached to the C1
of ceramides, cerebrosides are formed. Galactocerebrosides
are used to form sulfatides, whereas glucocerebrosides are
used to synthesize gangliosides, globosides, and other related
compounds (45).

Distribution of sphingolipids in
foods

The contents of sphingolipids in foods vary from low
in fruits and some vegetables to high in dairy products,
egg and soybeans (8). Table 2 summarizes the distribution
and contents of sphingolipids in common foods. Since
most sphingolipid research results have been focused
on their structures, we could not collect contents of all
sphingolipids in food. Based on the reported sphingolipid
contents in nmol/g, the estimates in mg/100 g were converted
using an average molecular weight for sphingosines of
299 g/mol, sphinganines of 301 g/mol, ceramides of 587 g/mol,
sphingomyelin of 751 g/mol, and cerebroside of 779 g/mol.
The first three sphingoid bases, sphingosines, sphinganine
and phytosphingosine, are usually found in mammals, plants
and fungi, and sphingosine (d18:1) is the most abundant
of these three in mammalian cells (39, 46). In addition,
substantial amounts of C20 and minor amounts of C12 to
C22 as well as 1-deoxy and 1-deoxymethyl LCBs can also
be found in animal products (47, 48). Phytosphingosines
and their derivatives are usually found in plants to form
plant sphingolipids, such as phytosphingosine (t18:0) and

phytosphingosines 8-enine (t18:1) in potatoes and sweet
potatoes, 9-Methyl-4, 8-sphingadienine (d19:2) and 2-
Amino-4, 8, 10-octadecatriene-1, 3-diol (d18:3) in rice,
mushroom and sea cucumber (49, 50). Many fungi also
methylate the alkyl chain at C-9 to produce C19 bases,
whereas Saccharomyces cerevisiae only produces sphingosine
with predominant d18:0, t18:0, and some d20:0, t20:0 (51).
Free sphingosine and LCBs are only present in cells at
very low levels. Most of them can be phosphorylated
to form S1P and other phosphorylated sphingosine
bases.

Ceramides are widely distributed in mammals, especially in
the skin (52). Sphingomyelins are high in animal-derived foods,
such as aquatic products (2–10% of total phospholipids), meat
products (5–10% of total phospholipids), eggs (approximately
1.5% of total phospholipids), and dairy products (approximately
25% of total phospholipids). Bioactive complex lipids are very
abundant in milk and can be used as the main raw material
for obtaining sphingomyelin and gangliosides (53). Insects
mainly contain ceramide phosphate ethanolamine, and fungi
have ceramide phosphate inositol and mannose-containing
head group, and not found in most plants except legumes
and nuts (2, 54). Soybeans are a good source of the plant-
derived sphingolipids such as full-fat soy flakes (55). The
types of fatty acids in sphingomyelins are different in foods.
Taking eggs and milk for example, sphingomyelins derived
from eggs have higher percentage of short-chain saturated
fatty acids (SFAs) than that from milk (56). Although the
content of glycosphingolipids in foods are lower than that of
sphingomyelins, they are widely distributed in cereal, legumes
and nuts, livestock and poultry meat, aquatic products, egg,
milk and dairy products, vegetables, and fruits, as shown in
Table 2. The sphingolipids in vegetables and fruits are relatively
lower than other foods, mainly containing cerebrosides or
glycosyl inositol phosphate ceramides (GIPCs) which can
connect complex sugar chains (57, 58). Glucosylceramide-
based sphingolipids, which have the basic structure of the
tetrasaccharide ceramide series, are the main glycosphingolipids
in plants, whereas some mannosylceramide series also exist
(59). In invertebrates and vertebrates, different saccharides
and their derivatives are added to the first sugar moiety of
cerebroside, which is mainly glucose, to form hundreds of
gangliosides with different head group structures. In addition,
vertebrates also have a series of glycolipids containing galactose
(60).

Metabolism of sphingolipids

Metabolic pathways of sphingolipids

In mammals, about 40 enzymes catalyze de novo synthesis,
catabolism, recycling and interconversion of sphingolipids and
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TABLE 2 Distribution and contents of sphingolipids in foodsa.

Content
(mg/100 g)
dietary
sources

Sphingoid bases Ceramide Sphingomyelin Cerebrosides Gangliosides

Cereal

Rice bran 5.6 (dw) (41) 11.5 (dw) (41)

Rice (milled) 2.5 (ww) (205)

Barley 14.4 (ww) (205)

Corn 11.5 (ww) (205)

Wheat flour 21.0 (ww) (205)

Wheat flour 43.0 (dw) (8)

Legumes and nuts

Full-fat soy
flakes

0.8 (dw) (55) 4.9–12.2 (dw) (206) 45.7 (dw) (55) 65.2–309.7 (dw)
(206)

11.1–38.3 (dw)
(207)

Defatted soy
flakes

19.2–23.9 (dw)
(208)

Almond 304.3 (dw) (209) 6.8 (dw) (210)

Cashew nut 3.9 (dw) (209) 3.9 (dw) (210)

Hazelnut 15.7 (dw) (209) 2.1 (dw) (210)

Pine nut 376.9 (dw) (209) 4.2 (dw) (210)

Peanut 5.9 (ww) (8) 3.9 (dw) (210)

Pumpkin seed 3.1 (dw) (210)

Walnut 612.9 (dw) (209) 2.5 (dw) (210)

Pecans 373.5 (dw) (209)

Pistachios 0.4 (dw) (209)

Livestock and poultry meat

Meat 0.35–1.1 (ww)

Pork 20.3 (ww) (52)

Ham 17.8 (ww) (52)

Beef 28.6–69.0 (ww) (41, 52)

Fat cooked
ground beef

1.7 (ww) (211)

Fat raw ground
beef

1.6 (ww) (211)

Beef blade steak 1.0 (ww) (212)

Lamb 33.2 (ww) (52)

Chicken 41.8 (ww) (52)

Chicken thigh 1.4 (ww) (212)

Chicken breast 1.0 (ww) (212)

Turkey 35.0 (ww) (52)

Aquatic products

Plaice 9.6 (ww) (52)

Herring 7.2 (ww) (52)

Cod 6.5 (ww) (52)

Turbot 2.9 (ww) (213) 6.4 (ww) (213) 0.3 (ww) (213) 0.9 (ww) (212)

Trout 2.5 (ww) (213) 4.2 (ww) (213)

Mackerel 5.5 (ww) (213) 3.9 (ww) (213)

Grass carp 11.5 (ww) (213) 1.7 (ww) (213) 0.3 (ww) (213)

Shellfish 0.8 (ww) (214)

Mussel 22.9 (ww) (214) 1.4 (ww) (214)

(Continued)
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TABLE 2 (Continued)

Content
(mg/100 g)
dietary
sources

Sphingoid bases Ceramide Sphingomyelin Cerebrosides Gangliosides

Clam 19.3 (ww) (214) 7.4 (ww) (214)

Scallop 16.7 (ww) (214) 6.8 (ww) (214)

Oyster 12.1 (ww) (214) 2.2 (ww) (214)

Island mackerel 6.6 (ww) (212)

King salmon 1.1 (ww) (212)

Snapper 0.8 (ww) (212)

Tuna 0.1 (ww) (211)

Microalgae 250–2760 (dw) (215) 2300 (dw) (215)

Egg, milk, and dairy products

Chicken egg
yolk

4.4 (ww) (216) 190.0 (ww) (216) 1.7 (ww) (211)

Milk 0.1 (ww) (217) 23.4–47.3 (ww) (218) 13.6–175.2 (ww)
(218)

0.05 (ww) (211)

Cheese 2.0 (ww) (55) 24.3–365.7 (ww) (218) 12.22–27.9 (ww)
(218)

0.07 (ww) (211)

Butter 29.2–44.4 (ww) (218) 18.7–19.9 (ww)
(218)

Non-fat dry milk 43.8 (ww) (55) 15.2 (ww) (55)

Yogurt 0.4 (ww) (55) 10.4 (ww) (55) 0.07 (ww) (211)

Vegetables

Cauliflower 13.7 (ww) (8)

Cucumber 2.0 (ww) (8)

Lettuce 3.8 (ww) (8)

Tomato 3.1 (ww) (8)

Potato 5.2 (ww) (8)

Sweet potato 50 (ww) (8)

Spinach 5.0 (ww) (8)

Soybeans 180 (ww) (8)

Fruits

Orange 1.8 (ww) (8) 4.9 (ww) (205)

Banana 1.5 (ww) (8) 1.2 (ww) (205)

Apple 7.1 (ww) (205)

Grape 7.9 (ww) (205)

Kiwifruit 6.2 (ww) (205)

Lemon 4.9 (ww) (205)

Pear 6.8 (ww) (205)

Strawberry 3.4 (ww) (205)

adw means dry weight ratio, ww means wet weight ratio. Based on estimates of reported sphingolipid content (nmol/g), the conversion to mg/100 g was calculated using an average
molecular weight for sphingosines of 299 g/mol, sphinganines of 301 g/mol, ceramide of 587 g/mol, sphingomyelin of 751 g/mol, and cerebroside of 779 g/mol.

products derived from them as summarized in Figure 1. The
de novo synthesis of sphingolipids begins with the ceramide
production. In general, 3-ketodihydrosphinganine is formed
after the rate-limiting enzyme serine palmitoyltransferase (SPT)
complex condenses palmitoyl-CoA and serine in a reaction
that requires pyridoxal phosphate, NADPH, and Mn2+ (61,
62), and then reduced by 3-ketodihydrosphingosine reductase
to generate sphinganine (47, 61). The mutations of the genes

encoding SPTLC1 and SPTLC2, the key subunits of SPT, induce
a permanent shift in the substrate specificity from L-serine to
L-alanine and L-glycine, which results in the formations of
atypical and neurotoxic metabolites, the 1-deoxy-sphingolipids
and 1-deoxymethyl sphingoid bases, respectively, and their
acylated ceramides (63). Besides, the recently discovered
SPTLC3 prefers myristic acid to palmitic acid (64) and may
use stearic acid as a fatty acid substrate (65). SPT can also
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use alanine and glycine, as well as myristate and stearate,
to produce a large amount of sphingosine bases. After that,
the sphinganine is acylated by one of six ceramide synthases
(CerS1-6) to form dihydroceramide (66), which is desaturated
by dihydroceramide desaturase to generate ceramide (67). The
other fatty acyl moiety in sphingolipids is long chain fatty
acids (LCFAs) with 18–26 carbons, which are formed by a
family of elongases extending myristic acid and palmitic acid
in the ER (68). These variations in LCBs are combined with
different acyl groups by the actions of CerS1-6, which makes
ceramides a family of closely related but distinct molecules
with different functions owing to variations in LCFA length
and hydroxylation and desaturation of the LCB and LCFA
components (69).

Ceramides are transported to the Golgi apparatus via
vesicular and non-vesicular mechanisms (11). The latter
mechanism via a ceramide transport protein (CERT) to
assemble into sphingomyelin only exists in mammals (70),
as shown in Figure 1. A variety of head groups are added to
ceramide to form complex sphingolipids in the Golgi apparatus
such as sphingomyelin, CIP, inositol phosphorylceramides and
glycosphingolipids. The sphingomyelin synthase 1/2 (SMS1/2)
enzymes located in the luminal side of the Golgi membrane
transfer a phosphocholine headgroup from phosphatidylcholine
to ceramide yielding diacylglycerol and sphingomyelin (71).
According to Mitsutake and Igarashi, sphingomyelin synthase
SMS2 on the plasma membrane dynamically regulates the
activity of lipid microdomains and mice lacking SMS2 are
resistant to the effects of a high-fat diet (HFD) on body weight,
glucose intolerance, and fatty liver (72). Galactosylceramide
(GalCer) and glucosylceramide (GlcCer) are synthesized by
ceramide galactosyltransferase (CGT) and glucosylceramide
synthase (GCS) transferring the monosaccharides from UDP-
galactose and UDP-glucose to ceramide at the cytoplasmic
side of the Golgi membrane, respectively (61, 73). The
GlcCer is then translocated into the lumen of the Golgi via
a membrane-bound transporter and further transformed to
lactosylceramide (LacCer), which is synthesized by LacCer
synthase transferring galactose from UDP-galactose to
GlcCer (41, 74). The LacCer acts as a common backbone
to produce more complex glycosphingolipids by various
enzymes (41). Phosphatidylinositol-4-phosphate adaptor
protein 2 (FAPP2) can transfer GlcCer among Golgi networks
and couple it specifically to the synthesis of cerebrosides
instead of anionic gangliosides (75). The sphingomyelin,
cerebrosides and gangliosides are delivered to the plasma
membrane via vesicular trafficking (76). Sphingomyelin and
glycosphingolipids are delivered to the plasma membrane
via vesicular transport, while C1P is transferred from the
Golgi to other compartments such as the plasma membrane
via non-vesicular translocation activity of C1P transfer
protein (CPTP). On the cell membrane, sphingomyelin
can be metabolized to ceramide on the outer leaflet of

the membrane, where it is hydrolyzed to sphingosine by
ceramidase, and metabolized to S1P by sphingosine kinase
(SoK) (77).

Ceramides can be phosphorylated by ceramide kinase
(CerK) to generate C1P, which can be dephosphorylated by
a C1P phosphatase (78). Ceramides can also be acylated
at the 1-OH position to form 1-O-acyl-ceramides (79). In
addition, recent studies have shown that the ω-acylation of
ceramides forms three-chained ceramides in the skin, thereby
regulating epithelial permeability and skin barrier function
(80). Ceramides can also be deacylated to generate sphingosine
by ceramidase, and then phosphorylated by SoK to produce
S1P in the lysosome and on plasma membrane (8). The
S1P on the plasma membrane is flipped through the plasma
membrane and transported to exocytoplasmic leaflets by the
spinster homolog 2 (SPNS2), where it interacts with its
receptors (81). The S1P lyase cleaves S1P (or dihydro S1P)
into ethanolamine phosphate and fatty aldehydes, the latter
are further metabolized and reduced to form acyl-CoA (76).
All synthetic reactions to produce complex sphingolipids from
ceramides are reversible. For instance, sphingomyelin, C1P
and GlcCer are hydrolyzed by sphingomyelinase (SMase),
C1P phosphatase and glucosylceramidase, respectively. This
pathway may rapidly increase intracellular ceramide levels,
while S1P catabolism is irreversible (82). S1P is catalyzed by
S1P phosphatase (S1PP) and S1P lyase to dephosphorylate
to sphingosine or irreversibly cleave to ethanolamine-1-
phosphate and hexadecenal, respectively (83). The sphingolipids
may be recirculated through endocytosis and transported
from the endosome to the lysosome. In the lysosome,
sphingomyelin, cerebrosides and gangliosides are metabolized
to ceramides by hydrolases, and the ceramides are then
degraded by acid ceramidase to generate sphingosine. Due
to its positive charge, sphingosine is able to leave the
lysosome and moves among the membranes such as ER
membrane to be recycled (84). The sphingolipids have
diverse biological activities in a receptor-dependent or -
independent manner. Ceramide and sphingosines are mainly
involved in cell apoptosis (85, 86), while S1P and C1P are
related to cell survival (87), suggesting their antagonistic
effects in some cases. Since ceramide and diacylglycerol
may have opposite effects on cell proliferation and survival,
SMS1/2 probably play an important role in regulating
cellular fate. Therefore, the enzymes involved in these
metabolic pathways maintain the homeostasis of bioactive
sphingolipid metabolites.

Dietary factors affecting the
metabolism of sphingolipids

Many prospective studies have shown that different
dietary patterns affect de novo sphingolipids synthesis,
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FIGURE 1

Intracellular metabolism and transport of sphingolipids in mammalian cells. The de novo synthesis of sphingolipids initiates with the synthesis of
ceramide (Cer) through condensation by SPT complex utilizing palmitoyl-CoA and serine, which is followed by reduction, acylation, and
desaturation on the cytosolic leaflet of the ER. Fatty acids with 12–16 carbons are extended by a family of elongase enzymes to form long-chain
fatty acids (LCFAs, C18-C26) in the ER, which are used in the synthesis of Cer. Cers are transported to the Golgi apparatus through vesicular
transport, and non-vesicular transport via the Cer transport protein (CERT). A variety of head groups are added to Cer to form complex
sphingolipids in the Golgi apparatus such as sphingomyelin (SM), ceramide-1-phosphate (CIP), and glucosylceramide (GlcCer) by sphingomyelin
synthase 1/2 (SMS1/2), ceramide kinase (CerK) and glucosylceramide synthase (GCS), respectively. The GlcCer is then translocated into the
lumen of the Golgi apparatus via a membrane-bound transporter and further transformed into cerebrosides and gangliosides by different
enzymes. C1P is transferred from the Golgi apparatus to plasma membrane via non-vesicular translocation of C1P transfer protein (CPTP). The
SM, cerebrosides and gangliosides are delivered to the plasma membrane via vesicular trafficking, and then SM is metabolized to Cer,
sphingosine (So) and sphingosine-1-phosphate (S1P). Cer is deacylated by ceramidase to generate So, and then phosphorylated by sphingosine
kinase (SoK) to produce S1P in the lysosome and also in plasma membrane. The S1P lyase cleaves S1P into ethanolamine phosphate and fatty
aldehydes, the latter are further metabolized and reduced to fatty acyl-CoA. All synthetic reactions to produce complex sphingolipids from Cer
are reversible, such as SM, C1P, and GlcCer are hydrolyzed by sphingomyelinase (SMase), C1P phosphatase and glucosylceramidase,
respectively. S1P is dephosphorylate by S1P phosphatase (S1PP) to get So, which is acylated by ceramide synthases (CerS) to form Cers. In the
lysosome, SM, cerebrosides and gangliosides are metabolized by each hydrolase to produce Cer, and then degraded by acid ceramidase to
generate sphingosine. In addition, Cers can also be acylated at the 1-OH position to form acylceramides. ER, Endoplasmic reticulum; SPT, serine
palmitoyltransferase; CerS, ceramide synthase; CERT, ceramide transfer protein; Cer, ceramide; LCFAs, long chain fatty acids; LCBs, long chain
bases; CerK, ceramide kinase; C1P, ceramide-1-phosphate; SMS1/2, sphingomyelin synthase; SMases, Sphingomyelinase; CerS, ceramide
synthase; So, sphingosine; SoK, sphingosine kinase; S1P, sphingosine-1-phosphate; S1PP, sphingosine-1-phosphate phosphatase; GlcCer,
glucosylceramide; GCS, glucosylceramide synthase; FAPP2, phosphatidylinositol-4-phosphate adaptor protein 2.
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which in turn alters sphingolipid metabolism in human.
The feeding of a HFD stimulates de novo synthesis of
sphingolipids and alter sphingolipid metabolism in cells
and tissues, which is associated systemic insulin resistance
and imbalance of lipid accumulation, thereby exacerbating
obesity-related diseases. HFD enhances de novo synthesis
and turnover of sphingolipids through the salvage pathway,
which promotes the synthesis and accumulation of ceramides,
more specifically long chain ceramide species in skeletal
muscle, plasma and liver tissues (88–90). Intake of SFAs
enriched HFD can upregulate genes involved in ceramide
synthesis (16), and promote releases of inflammatory cytokines
such as tumor necrosis factor-α (TNF-α) and interleukin-1β

(IL-1β) by inhibiting protein kinase B (Akt/PKB) (91). In
addition, HFD can also increase the levels of sphingomyelin
and S1P in the liver, skeletal muscle, adipose tissue, and
cardiovascular tissue (89). Plant foods-based Mediterranean
diet (92) has been negatively associated with the risks of
cardiovascular diseases (CVDs) (93). This is associated with
decrease in the plasma ceramide concentration. This may
be attributed to the high ratio of monounsaturated fatty
acids (MUFAs) to SFAs in the Mediterranean diet, which
can inhibit the SFAs-induced accumulation of ceramides
(17). In contrast, EPA (C20:5, n-3) and DHA (C22:6, n-
3) decrease the expressions of genes involved in ceramide
synthesis and ceramide content in the skeletal muscle and
liver in rodents (88). Vitamins B6, C, D, and K have been
shown to regulate sphingolipids metabolism (18–23). S1P
lyase is a vitamin B6-dependent enzyme that can degrade
S1P in the last step of sphingolipid metabolism. A genetic
disease called SPL dysfunction syndrome (SPLIS) is caused by
mutations in SGPL1, which encodes sphingosine phosphorylase
(SPL). SPLIS patients exhibit lymphopenia, nephropathy,
adrenal insufficiency, and/or neurological deficits. Vitamin
B6 supplementation increases S1P abundance and activity
levels, and decreases sphingolipids in the SPLIS patients (18).
In addition, SPT responsible for 3-ketodihydrosphinganine
synthesis is also a vitamin B6-dependent enzyme (19). One
study has shown that the treatment with 1.2 mM calcium
and 50 µg/mL vitamin C can significantly stimulate the
content of ceramide in human keratinocytes (20). There
may also be a relationship between the vitamin D intake
and endogenous sphingolipids concentration in humans.
Vitamin D supplementation can change levels of long-
chain ceramides in the circulation and related sphingolipids
metabolism, especially the increased levels of ceramide (C18)
and dihydroceramide (C18) in subjects with type 2 diabetes
(T2DM) (21). γ-tocotrienol, a form of vitamin E, can increase
the levels of dihydroceramide and sphinganine but does not
affect ceramide and sphingosine in cells (22). Vitamin K can
regulate sphingolipids metabolism in the nervous system (23).
However, more in vivo studies are needed to understand how
vitamins regulate sphingolipid metabolism.

Absorption and utilization of
dietary sphingomyelin

Pathways for the digestion and
absorption of dietary sphingomyelin

The digestion and utilization of dietary sphingolipids starts
in the jejunum section of the small intestine. The typical
plasma membrane of mammalian cells contains about 20%
cholesterol, 15–20% sphingomyelin, and 5% glycolipids of
the total lipids, whereas the small intestinal brush border
contains about 10% cholesterol, 5% sphingomyelin and over
30% glycolipids of the total lipids (7, 94). Bouhours and
Guignard detected 750 nmol of sphingomyelin, 160 nmol
of free ceramide, and 390 nmol of glucosylceramide from
1 mL of isolated rat intestinal epithelial cells (95). The levels
of these sphingolipids change with the differentiation of rat
epithelial cells and the development of the intestine (96, 97).
Humans normally consume 2–8 g/day of phospholipids from
the Western diet, accounting for 1–10% of total daily fat intake
(98). Among them, sphingomyelin is about 0.3–0.4 g/day, which
is mainly derived from fish, meat, milk and egg products.
After digestion, about 3–6 g/day of phospholipids enter the
blood through lipoproteins, of which sphingomyelin accounts
for about 7%. In addition, sphingomyelin in human bile
accounts for about 2% of total phospholipids, and about 0.1–
0.2 g/day mainly palmitoyl and stearoyl species is delivered to
the intestines (14).

Figure 2 shows the digestion and absorption of dietary
sphingomyelin. After the dietary lipids are digested in
gastrointestinal tract, triglyceride (TG) is hydrolyzed into
free fatty acids, n-2 monoglycerides and a small amount of
diacylglycerides by pancreatic lipase. Cholesterol esters are
hydrolyzed by cholesterol esterase to form free cholesterol
and fatty acids. Glycerophospholipids are cleaved by
pancreatic phospholipase at n-1 or n-2 position to produce
lysophospholipids and free fatty acids. Sphingomyelin is
hydrolyzed to ceramide and phosphorylcholine by Alk-SMase
in the intestinal mucosa under the optimal pH of 9.0 (99).
Alk-SMase is produced by the liver and released into the
jejunum vie bile, and is activated in the presence of bile salts and
trypsin (3). Alk-SMase, with the hundred times of hydrolysis
capacity higher than that of neutral SMase and acidic SMase,
is strictly bile salt dependent and effectively stimulated by
taurocholate and taurochenodeoxycholate (14, 100). Most
sphingomyelin and its hydrolysate ceramides could not be
absorbed intact and contribute to the chylomicron and plasma
sphingomyelin pools (14). Ceramides are further hydrolyzed
into sphingosine and fatty acids by intestinal N-CDase
and bile salt-stimulated lipase (BSSL), while sphingosine
could be absorbed into intestinal mucosal cells and rapidly
metabolized in the enterocytes (13). BSSL from pancreatic
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juice plays a key role in the digestion of TG and hydrolysis
of the amide bond of ceramide between sphingosine and
fatty acyl group. The activity of BSSL depends on bile salts
with the optimal pH 8.5. It is worth noting that there is
almost no ceramide formation in the proximal intestine where
BSSL is most active (101, 102). All the digested products
and bile acid (BA) can be assembled into micelles, which
assist in crossing the unstirred water layer for entering the
enterocytes.

When sphingosine is absorbed into the enterocytes, only
a small amount of free sphingosine is incorporated into
chylomicrons to be transported in the lymph and then, the
blood. Most of the sphingosine receives a phosphate to generate
S1P in the enterocytes, a process catalyzed by SoK. S1P is mainly
degraded to ethanolamine phosphate and hexadecenal by S1P
lyase, or to a less extend dephosphorylated to new sphingosine
by S1PP and then to form ceramides and sphingomyelin. Fatty
acids can be esterified into TG, and loaded with phospholipids
and cholesterol esters onto chylomicrons, which enter the
blood through lymphatic system (3, 14). Interestingly, the
sphingosine first can be dephosphorylated by Sok to form
S1P and secondly phosphorylated by S1PP to generate the
new sphingosine, then acylated by CerS to form ceramide
and more complex sphingolipids such as sphingomyelin
and glycosphingolipids, which can be then incorporated
into chylomicrons in the enterocytes for the release into the
lymph. Dephosphorylation and then phosphorylation are
prerequisites for the synthesis of sphingolipids by exogenous
sphingosine in the enterocytes (13–15). In addition, dietary
glycosphingolipids such as glucosylceramides, cerebrosides and
gangliosides are degraded to produce ceramides by a series of
enzymes such as glucosidase, galactosidase, glucosylceramidase,
galactosylceramidase (3, 41). In the enterocytes, ceramides can
also be synthesized from dietary palmitic acid and serine as
shown in Figure 1.

Transport of sphingomyelin in plasma
lipoproteins

Lipoproteins can be divided into chylomicrons, very low-
density lipoproteins (VLDL), intermediate density lipoproteins
(IDL), and low-density lipoproteins (LDL) and HDL according
to their densities. HDL are further categorized into HDL1,
HDL2, HDL3 based on their densities. HDL1 only appears
after taking a high-cholesterol diet. Abnormal lipoprotein
metabolism is associated with arteriosclerosis, diabetes, obesity
and tumor occurrence (103). The concentrations of more than
200 sphingolipids in plasma lipoproteins vary. Sphingomyelin,
LacCer, hexosylceramide, ceramides, S1P and dhS1P, C1P,
sphingosine and dihydrosphingosine, are constituted 87.7,
5.8, 3.4, 2.8, 0.22, 0.15, and 0.005% of total sphingolipids
in the human blood, respectively (104). Sphingolipids in

lipoproteins can be secreted with apolipoprotein B (apoB)
or apoA-I, and can be transferred from one lipoprotein
to another. In addition, the complex sphingolipids in the
lipoproteins can be modified from other existing sphingolipids,
or decomposed into other sphingolipid components, such
as ceramides, S1P, and Glc-ceramide (103). The human
plasma contains 416 mg/ml sphingomyelin, which accounts
for about 20% of total plasma phospholipids (104, 105) and
87.7% of total plasma sphingolipids (104, 105). The C16

and C24:1-sphingomyelin are the major species in human
plasma. Approximately 3.15, 32.85, 34.1, and 29.9% plasma
sphingomyelin are present in VLDL, LDL, HDL2, and
HDL3, respectively. The particle concentrations of these four
lipoproteins in human plasma are 0.073, 1.514, 8.35, and
22.1 nmol/ml, and their molecular weights are 10.0 × 106,
2.0 × 106, 4.0 × 105, and 2.0 × 105, and percentages of
protein composition are 10, 20, 40, and 55%, respectively
(104). However, the amount of sphingomyelin has been
significantly reduced in HDL and increased in LDL and
VLDL in women with insulin-dependent diabetes (106).
Approximately 75% of plasma sphingomyelin is present in LDL
and VLDL, and about 25–37% is present in HDL, showing
that the decrease of sphingomyelin, phosphatidylcholine and
lysophosphatidylcholine may be potentially atherogenic. The
reduction of phospholipid content in HDL may weaken its
ability to promote the outflow of cholesterol from cells, and
inhibit the transfer of cholesterol esters from HDL to larger
lipoproteins containing apoB (106). Approximately 8.73, 39.94,
28.74, and 22.59% plasma ceramides are present in VLDL, LDL,
HDL2, and HDL3, respectively. The prominent ceramide is
C24-ceramide in human plasma. About 1.33, 3.73, 16.3, and
78.64% plasma S1P are present in VLDL, LDL, HDL2, and
HDL3, respectively. The ratios of sphingomyelin/ceramides in
VLDL, LDL, HDL2, and HDL3 are 22.3:1, 50.9:1, 72.9:1, and
78.9:1,whereas the ratios of ceramides/S1P in those lipoproteins
are 49.8:1, 80.7:1, 13.4:1, and 2.2:1, respectively (104). In
addition, more than 50 species of complex glycosphingolipids
account for about 9–10% of plasma sphingolipids, of which
the most abundant ones are GlcCer and LacCer, accounting
for about 8–14, 46–60, and 28–44% in VLDL, LDL, and HDL,
respectively (103, 104).

Sphingomyelin formed in the enterocytes enters the body
via chylomicrons as shown in Figure 3. The absorption of
sphingosine leads to the formation of sphingomyelin and
ceramides, which are incorporated into pre-chylomicron with
TG, free cholesterol, cholesterol esters and other phospholipids
under the action of microsomal triglyceride transfer protein
(MTP) with apoB-48 in enterocytes. The pre-chylomicron then
fuses with the lipid droplets to form chylomicron, which
is secreted into the lymph circulation and then the blood
circulation. TG in chylomicron is hydrolyzed into free fatty
acids by lipoprotein lipase (LPL), which leads to the formation
of chylomicron remnants in the circulation (14, 103, 107).
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FIGURE 2

Pathways for the digestion and absorption of dietary sphingomyelin. The digestion of dietary sphingomyelin (SM) in the small intestinal lumen
begins with the decomposition of SM to ceramide by Alk-SMase. Ceramide is further hydrolyzed into sphingosine (So) and fatty acids by
N-CDase and BSSL, then the So is absorbed intact into the enterocytes. In the enterocytes, part of So comes from the de novo synthesis of
palmitic acid and serine, and part of it comes from intestinal absorption. When the So is absorbed into the enterocytes, only a small amount of
free So is transported with chylomicrons to the lymph and blood. Most of the So is catalyzed by sphingosine kinase (SoK) to generate
sphingosine-1-phosphate (S1P), and then degraded to ethanolamine phosphate and hexadecenal by S1P lyase, or to a less extend
dephosphorylated to new So by S1P phosphatase (S1PP) and then to form ceramides and sphingomyelin. Hexadecenal will be converted to
palmitic acid and then esterified into triglycerides (TG), which can be incorporated into chylomicrons for transport. FA, fatty acid; So,
sphingosine; S1P, sphingosine-1-phosphate; Cer, ceramide; GlcCer, glucosylceramide; SM, sphingomyelin; SMases, Sphingomyelinase;
Alk-SMase, alkaline SMase; N-CDase, neutral ceramidase; BSSL, bile salt-stimulated lipase; SPT, serine palmitoyltransferase; CerS, ceramide
synthase; SMS1/2, sphingomyelin synthase 1/2; CerS, ceramide synthase; SoK, sphingosine kinase; S1PP, sphingosine-1-phosphate
phosphatase; TG, triglycerides; GCS, glucosylceramide synthase.

A part of sphingomyelin may also associate with apoA-I in
the Golgi and be assembled into nascent HDL that is then
secreted to the plasma and is responsible for reverse cholesterol
transport to move cholesterol from extrahepatic tissues to the
liver. New born HDL is mainly synthesized in the liver and
can also be synthesized in the small intestine (14). The blood
of healthy people mainly contains HDL2 and HDL3. ApoA-
I interacts with the ATP binding cassette (ABC) transporters
family and accepts sphingomyelin and glycosphingolipids to
form pre-β HDL. Then lecithin–cholesterol acyltransferase
(LCAT) converts free cholesterol to cholesterol esters in pre-
β HDL, which move to the core of the newborn HDL and
migrate with the lipoprotein particle in the blood to form
mature HDL2 and HDL3 (103). In vitro experiments show
that ABCA1, ABCA7, or ABCG1 expressed in HEK293 cells

incubated with apoA-I efflux sphingomyelin (108–110). There
are few studies on the transport of glycosphingolipids. Unlike
sphingomyelin and ceramides, glycosphingolipids cannot be
transported to apoB-containing lipoproteins by MTP. Instead,
it may be assembled into HDL under the action of two
possible transporters ABCA12 and ABCC1. Studies have shown
that ABCC1 and ABCA12 are involved in the transport of
glucosylceramide in vivo, but it is unclear whether its effluxes
glucosylceramide to HDL or apoA1, or plays a role in plasma
glycosphingolipid transport or metabolic disorders (103, 111,
112). Therefore, more in vivo evidence is needed to show that
these transporters in basal levels play a role in sphingomyelin
release, since their overexpression may limit the fluidity of
membrane, which is conducive to outflow. As for ceramides,
how they are involved in the assembly of HDL is still unknown.
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FIGURE 3

Transport of dietary sphingomyelin from enterocytes to plasma in lipoproteins. Most sphingomyelin (SM) and ceramide (Cer) can be reformed
from sphingosine (So) in enterocytes, which will be transferred to the nucleation site with triglyceride (TG), free cholesterol (FC), cholesterol
esters (CE) and other phospholipids (PLs) under the action of MTP and incorporated onto apolipoprotein B-48 (apoB-48) to form the original
lipoprotein. The original lipoprotein then fuses with the lipid droplets to form chylomicron, which is secreted into the lymph and blood. TG in
chylomicrons is hydrolyzed into free fatty acids by lipoprotein lipase (LPL), which leads to the formation of chylomicron residues in the
circulation. Apolipoprotein A-I (apoA-I) interacts with the ATP binding cassette (ABC) transporters family and accepts SM and glycosphingolipids
to form pre-β HDL. Then lecithin–cholesterol acyltransferase (LCAT) converts FC to CE in pre-β HDL, which moves to the core of the newborn
HDL and is secreted into the blood to form mature HDL2 and HDL3. In the plasma membrane, synthesis of SM by SMS2 from Cer can contribute
to SM in HDL, and degradation of SM by SMase may also increase Cer in HDL. S1P from the plasma membrane of peripheral tissues such as
erythrocytes and platelets, is delivered to HDL with apolipoprotein M (apoM) and apoA-I via Spinster2 (Spns2). In addition, SM, Cer, S1P and TG
are transferred from VLDL/LDL to HDL via phospholipid transfer protein (PLTP). FA, fatty acid; So, sphingosine; S1P, sphingosine-1-phosphate;
Cer, ceramide; SM, sphingomyelin; PLs, phospholipids; CE, cholesterol esters; FC, free cholesterol; TG, triglyceride; apoB, apolipoprotein B;
apoA-I, apolipoprotein A-I; apoM, apolipoprotein M; MTP, microsomal triglyceride transfer protein; LPL, lipoprotein lipase; GLs,
glycosphingolipids; LCAT, lecithin–cholesterol acyltransferase; ABC transporters, ATP binding cassette transporters; SMases, Sphingomyelinase;
SMS2, sphingomyelin synthase 2; PLTP, phospholipid transfer protein; Spns2, Spinster2.

Beside in the enterocytes, ABC transporters on the plasma
membrane of macrophages, liver or other peripheral tissues can
efflux sphingomyelin to HDL, apolipoprotein such as apoA-
I, albumin or other receptors (103). Phospholipid transfer
protein (PLTP) can maintain particle stability during the
wide range of lipoprotein particle modifications in plasma.
It can transfer sphingomyelin, ceramides, S1P and TG from
VLDL/LDL to HDL (14). However, it is not clear whether PLTP

can transfer GluCer, GalCer or other complex sphingolipids.
On the plasma membrane, synthesis of sphingomyelin by
SMS2 from ceramides can contribute to HDL sphingomyelin,
degradation of sphingomyelin by SMase may also increase HDL
ceramides (103). In addition, S1P from the plasma membrane
of peripheral tissues such as erythrocytes and platelets, can
be delivered to HDL with apoM and apoA-I via Spinster2
(Spns2) (103, 113). How other sphingolipids components
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are incorporated into lipoprotein particles is unclear so far,
and more research is needed to evaluate these and other
possibilities.

Functions of dietary
sphingomyelin in chronic
metabolic diseases

Effects of dietary sphingomyelin on
lipid profile

Metabolic syndrome (MetS) has become a global public
health issue. It is the aggregate of pathological conditions in
which proteins, fats, carbohydrates and other substances are
metabolized abnormally, leading to central and abdominal
obesity, insulin resistance, atherogenic dyslipidemia and
systemic hypertension (114). Genetic defects of genes
involved in metabolism may also lead to MetS. Additionally,
dysfunctions of the liver or pancreas might result in MetS (115).
Individual therapy of hypertriglyceridemia, hyperglycemia,
and hypertension, as well as dietary restriction and frequent
exercise, have been suggested as treatments for MetS. The
dietary sphingomyelin and its metabolites may play an
important role in regulating cholesterol homeostasis and lipid
metabolism, and alleviating the symptoms of obesity, diabetes
and atherosclerosis as shown in Table 3. Previous studies have
shown that dietary sphingomyelin and its metabolites can
significantly modify the plasma and hepatic cholesterol and TG
metabolism in rats (116, 117) and inhibits the absorption of
cholesterol both in Caco-2 cells and animal studies (118–120).
Interestingly, sphingomyelin from milk is more effective in
inhibiting cholesterol absorption than that from eggs, which
may be attributed to the higher degree of saturation and longer
chain length of fatty acyl group in milk sphingomyelin (56).
Natural phospholipids, especially sphingomyelin, have high
affinity for cholesterol to slow the rate of luminal hydrolysis,
micellar solubilization, and transfer of micellar lipids to the
enterocytes (121). We have found that the ability of egg
sphingomyelin to inhibit cholesterol absorption, and simulate
cholesterol transport at a higher rate than phosphatidylcholine
in the Caco-2 monolayer. This is mediated by downregulation
of the Niemann-Pick-Like Protein 1 (NPC1L1) mRNA, which
is a key player in cholesterol absorption (122). A randomized
crossover study shows for the first time that diets enriched
with milk sphingomyelin, increased serum HDL cholesterol
levels, but did not affect the serum TG, total cholesterol
(TC), non-HDL cholesterol levels, also cholesterol absorption
and cholesterol fractional synthesis rate in ten healthy adult
males and females (123). The milk sphingomyelin also could
regulate intestinal permeability and affect the intestinal
tight junction protein expression through increasing the

IL-8 secretion in Caco-2/TC7 cells, which may provide a
clue to the protective role of obesity or leaky gut diseases
(124). Sphingosine treatment significantly reduces cholesterol
absorption in Caco-2 and HT-29-D4 cells (125). Due to the
differences of sphingoid bases and fatty acid compositions,
dietary sphingomyelin can improve lipids absorption and
metabolism, probably via micellar solubilization, affinity to the
hydrolases, or regulation of key proteins involved in cholesterol
absorption.

Compared with other phospholipids, sphingomyelin has
a larger interface area and stronger hydrogen bond formation
capability, which is essential for the interactions between
sphingomyelin and other lipids in the cell membrane (54).
The important intermolecular hydrogen bond is formed by
the 2-NH or choline nitrogen of sphingomyelin and the
hydroxyl group of cholesterol. The phosphate oxygen and
the 3-OH among sphingomyelin molecules may also form
intermolecular hydrogen bonds and a network, thereby
interfering with the release of cholesterol from these lipid
complexes (126). Nilsson et al. (127) found that about 25%
of dietary sphingomyelin can reach to the colon, in the form
of 10% undegraded sphingomyelin, 30–90% ceramides and
3–6% free sphingosine. Dietary sphingomyelin in the colon
may have the potential for reducing the development of
aortic root plaque (128), affecting the gut microbiota such as
bifidobacterial (129), neutralizing the intestinal inflammation
caused by lipopolysaccharide (LPS) and improving in the
intestinal barrier function attenuated by Western diet (130).
Based on these, we hypothesize that dietary sphingomyelin
inhibits the intestinal cholesterol absorption pathways, as
shown in Figure 4. (i) Cell-independent effects. The strong
hydrogen bonding or interaction between sphingomyelin and
cholesterol causes the molecules in the micelles to pack more
tightly, thereby slowing down the release of cholesterol in
the micelles and inhibiting the absorption and transport of
cholesterol in the enterocytes. Sphingomyelin may reduce
the solubility of cholesterol in micelles, thereby reducing
the thermodynamic movement of free cholesterol that is
available to be absorbed by enterocytes. (ii) Cell-dependent
effects. Sphingomyelin inhibits cholesterol absorption by
reducing the expression of NPC1L1 in the enterocytes.
In vitro studies have shown that LCBs such as sphingosine
compete with palmitic acid for absorption through an
acyl-CoA synthetase-dependent mechanism (54). Acyl-
CoA synthetases convert intracellular long-chain fatty
acids to their acyl-CoA, which promotes their retention
in the cells, and in turn, facilitates their transport. (iii)
Intestinal remodeling role. Sphingomyelin may improve
the distribution and abundance of gut microbiota, prevent
LPS from being transported to the mesenteric lymphatic
circulation, or modulate its BA and short-chain fatty acid
(SCFA) pathways to inhibit cholesterol absorption and
transport.
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TABLE 3 Effects of dietary sphingomyelin and its metabolites on human physiology and chronic metabolic diseases.

Metabolic
disorders

SM and its’
metabolites

Model Treatment and
duration

Results References

Normal
physiology

SLs from ox braina ExHC rats 0.5 and 2% (wt/wt) SLs
for 2 weeks

c
↓ Serum TG and liver CE levels; ↑ serum SM and

liver PLs levels
— Liver TG and serum CE levels

(116)

SLs from bovine
brainb

Donryu rats at
4 weeks old

1% (wt/wt) SLs during
two generations

↓ Plasma TC levels; ↑ liver TG levels
— Liver TC and plasma TG levels, tissue SLs and
PLs levels

(117)

Milk SM SD rat 6.5–25 µmol/L 3H-SM
and 14C-cholesterol for
4 h

↓ Cholesterol absorption (118)

Milk SM Caco-2 cells
C57L/J mice at
7 weeks old

2% (wt/wt) SM for 4 days ↓ Uptake and esterification of cholesterol in
Caco-2 cells
↓ Cholesterol absorption in mice

(119)

Egg yolk SM SD rat at 8 weeks old 5 or 10 µmol/h SM and
14C-cholesterol for 8 h

↓ Lymphatic absorption of cholesterol,
α-tocopherol and fatty acid in a dose dependent
manner

(120)

Milk SM and egg
yolk SM

SD rat at 8 weeks old 80 µmol/h SM and
14C-cholesterol for 8 h

↓ Lymphatic absorption of cholesterol, fat, and
other lipids
Milk SM is more is more effective in inhibiting
cholesterol absorption than egg SM

(121)

Egg yolk SM Caco-2 monolayer 0.6 mmol/L and
3H-cholesterol for 2 h

↓ Cholesterol transport in a dose dependent
manner
alter the physicochemical properties of mixed
micelles
↓ NPC1L1, Caveolin 1, SREBP-1/2 mRNA
expression

(122)

Milk SM Ten healthy adult
males and females
(ages 18–45)

a randomized crossover
study with 4-week
washout period
1 g/day milk SM for
14 days

— Serum TG, TC, non-HDL cholesterol levels
— Cholesterol absorption and cholesterol
fractional synthesis rate
— Intraluminal cholesterol solubilization
↑HDL cholesterol levels

(123)

So Caco-2 and
HT-29-D4 cells

0–50 µmol/L So and
3H-cholesterol for 4 h

↓ Cholesterol uptake in a dose dependent manner
↓ NPC1L1 mRNA expression

(125)

Obesity Chicken skin SM Zucker rats fed with
HFD at 6 weeks old

0.5 and 2% (wt/wt) SM
for 45 days

↓Hepatic lipid, plasma TC and insulin levels
↑ Adipor2, PPARR and Pdk4 mRNA and ↓Scd1
mRNA

(133)

Egg yolk SM C57BL/6 mice fed
with HFD

0.3, 0.6, or 1.2% SM
(wt/wt) with high-fat diet
for 4 weeks

↓ Intestinal cholesterol absorption
↓ Total liver lipids (TC, TG) via the
LXR-SREBP-1c pathway
↑ Fecal lipid and cholesterol output

(28)

Milk SM
Egg yolk SM

C57BL/6 mice fed
with HFD at 8 weeks
old

0.1% (wt/wt) milk or egg
yolk SM for 10 weeks

↓ Body weight, serum TC, fasting glucose and liver
TC, TG levels
↓ PPARγ-related mRNA expression (Scd1, Pparg2,
Cd36, Fabp4, Ccl2)
↓ Epididymal adipose tissue inflammation and
skeletal muscle lipid accumulation

(134)

Milk SM
Egg yolk SM

C57BL/6 mice fed
with HFD at 8 weeks
old

0.25% (wt/wt) milk or
egg yolk SM for 4 weeks

↓ Body weight, serum TC, and liver TG via lipid
absorption and metabolism regulation
↓ Serum LPS via bifidogenic effects and alterations
in distal gut microbiota

(129)

MPL with 25% SM C57BL/6 mice fed
with HFD at 8 weeks
old

1.1 or 1.6% (wt/wt) MPL
for 8 weeks

↓ Body weight gain
– Plasma markers of inflammation
1.6% (wt/wt) MPL: ↓ hepatic gene expression of
macrophage marker F4/80 and ↑ Bifidobacterium
animalis in cecal microbiota
1.1% (wt/wt) MPL: ↓ Lactobacillus reuteri in cecal
microbiota

(135)

(Continued)
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TABLE 3 (Continued)

Metabolic
disorders

SM and its’
metabolites

Model Treatment and
duration

Results References

Milk SM and Cer KK-Ay mice at
3 weeks old

1.7% (wt/wt) of LC-BS
(0.13% SM; 0.18% Cer)
or 0.5% (wt/wt)
Cer-fraction (0.34% Cer)
or 0.5% (wt/wt)
SM-fraction (0.25% SM)
for 4 weeks

LC-BS: ↓ plasma TC and LDL cholesterol and liver
TG levels
Cer-fraction: ↓ liver TC and TG levels
↓ Stearoyl-CoA desaturase-1
SM-fraction: –plasma and liver lipids

(136)

Diabetes S1P HIT-T 15 cells
pancreatic islets
from ICR mouse at
8 weeks old

10 µmol/L S1P ↑ Insulin secretion from isolated mouse islets
↓ Intracellular cyclic AMP levels in a dose
dependent manner

(139)

S1P INS-1 cells
pancreatic islets
from SD rats

100–400 nmol/L S1P or
dihydro-S1P for 4.5–5 h

↓ TUNEL analysis and caspase-3 activity
↑ PKC activity
↓ Cytochrome c release
↓ Nitric oxide synthase

(140)

Milk SM Obese/diabetic
KK-Ay mice at
4 weeks old

1% (wt/wt) milk SM for 4
weeks

↓ Serum TC, non-HDL cholesterol, PLs and
LDL-cholesterol levels; liver TG, TC, neutral and
total lipids levels
– Serum neutral lipids and cholesterol levels
↑ Fecal lipids (total lipids, TC, total bile acid and
PLs)
↑ SREBP-2, HMG-CoA, and Cyp7a1 mRNA
expression
↓ Scd1, Elovl2, Elovl5, Fads2 mRNA expression

(29)

Sea cucumber Cer
and GlcCer

SD rat fed with
high-fructose-diet

0.16 g/kg Cer and
0.21 g/kg GlcCer of diet
for 6 weeks

↓ Serum glucose levels and glycosylated
hemoglobin
↓Hypertension
Cer ↑ glycogen levels, glycogen synthesis and
insulin signal transduction in skeletal muscle
GlcCer ↑ hepatic glycogen levels, glycogen
synthesis and insulin signal transduction
attenuated inflammation in adipose tissue

(141)

CVDs Egg yolk SM C57BL/6 mice fed
with HFD at 4 weeks
old

0.3, 0.6, or 1.2% (wt/wt)
egg yolk SM for 4 weeks

↓ Serum TMAO level
– Serum choline and betaine levels

(30)

apoE−/− mice fed
with HFD at 5 weeks
old

1.2% (wt/wt) egg yolk
SM for 16 weeks

↑ Body weight
– Aortic lesions
– Serum lipid levels (TC, TG, non-esterified fatty
acid and SM)

apoE−/− mice at
5 weeks old

1.2% (wt/wt) egg yolk
SM for 19 weeks

↓ Aortic lesion area in the aortic arch
↓ Lesion composition
– Serum lipid, TMAO, choline and betaine levels

Egg yolk SM apoE−/− mice fed
with HFD at 6 weeks
old

0.1% (wt/wt) egg yolk
SM for 8 weeks

↓ Epididymal fat mass, alanine aminotransferase
(ALT) activity
↓ Aortic root lipid accumulation
↑ Spleen weights
– Serum TG, TC, HDL cholesterol, non-HDL
cholesterol and non-esterified fatty acid levels

(128)

Milk PLs LDLr−/− mice fed
with AMF-rich diet
at 6 weeks old

0.2%, 0.4% (wt/wt) milk
SM for 14 weeks

↓ Serum TG, TC, HDL cholesterol, non-HDL
cholesterol and non-esterified fatty acid levels
– Serum HDL-C, TG, liver enzymes, insulin,
glucose, TNF-α, IL-1β, adiponectin, and resistin
↓ Inflammatory markers in the serum, liver,
adipose and aorta
↓ Atherosclerosis development in both the
thoracic aorta and the aortic root
↑ Relative abundance of Bacteroidetes,
Actinobacteria, and Bifidobacterium, and ↓
Firmicutes in cecal feces

(31)

(Continued)

Frontiers in Nutrition 16 frontiersin.org

3231

https://doi.org/10.3389/fnut.2022.1002574
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/


fnut-09-1002574 October 13, 2022 Time: 16:14 # 17

Yang and Chen 10.3389/fnut.2022.1002574

TABLE 3 (Continued)

Metabolic
disorders

SM and its’
metabolites

Model Treatment and
duration

Results References

Milk PLs Fifty-eight
overweight
postmenopausal
women (ages 56–62)

Multi-center
double-blind
randomized trial with
4–6 weeks washout
period
0, 3, or 5 g of milk PLs
for 4 weeks

↓ Blood lipids and associated cardiometabolic risk
markers (TC/HDL cholesterol, apoB/apoA1)
↑ Fecal loss of coprostanol
– Major bacterial populations and fecal short-chain
fatty acids
↓ Cholesterol absorption but ↑ cholesterol-ileal
efflux

(32)

Milk PLs Fifty-eight
overweight
postmenopausal
women (ages 56–62)

Multi-center
double-blind
randomized trial with
4–6 weeks washout
period
0, 3, or 5 g of milk PLs
for 4 weeks

↓ Serum TC, LDL cholesterol and apoB levels
↓ Serum atherogenic C24:1 Cer, C16:1 SM, and
C18:1 SM species
↓ Chylomicron content in total SM and C24:1 Cer,
but ↑ total Cer in feces

(148)

aSphingolipids contained 68.2% ceramide-monosaccharide, 27.8% sphingomyelin, 2.9% cholesterol. bSphingolipids contained 64.8 % cerebroside and cerebroside sulfate, 29.0%
sphingomyelin and 5.4% cholesterol and free fatty acids. c

↓ refers the significantly decreasing index, ↑ refers the significantly increasing index, and – refers no significant changes. SM,
sphingomyelin; SLs, sphingolipids; ExHC, exogenous hypercholesterolemic; TG, triglyceride; CE, cholesterol esters; TC, total cholesterol; SD rat, Sprague-Dawley rat; So, sphingosine;
NPC1L1, Niemann-Pick-Like Protein 1; SREBP-1/2, sterol regulatory element-binding transcription factor 1/2; HFD, high-fat diet; Adipor2, adiponectin receptor 2; PPARγ, peroxisome
proliferator activated receptor alpha; Pdk4, pyruvate dehydrogenase kinase 4; Scd1, stearoyl CoA desaturase; LPS, lipopolysaccharide; MPL, milk polar lipids; LC-BS, lipid-concentrated
butter serum; S1P, sphingosine-1-phosphate; PLs, phospholipids; SREBP-2, sterol regulatory element-binding protein-2; HMG-CoA, 3-hydroxy-3-methylglutaryl coenzyme A reductase;
Cyp7a1, cholesterol 7α-hydroxylase; Elovl2, elongases of very long chain fatty acids 2; Fads2, fatty acyl desaturase 2; Cer, ceramide; GlcCer, glucosylceramide; TMAO, trimethylamine
N-oxide; ALT, alanine aminotransferase; LDLr, LDL receptor; AMF, anhydrous milk fat.

Effects of dietary sphingomyelin on
obesity

Obesity, the excess accumulation of body fat, has become
a major public health issue worldwide. Overweight and
obesity rates were respectively 34.3 and 16.4% between
2015 and 2019 in adults based on Chinese criteria (131).
The sphingomyelin and its metabolites play a role in
lipogenesis (132). Endogenous sphingomyelin is involved in
adipose tissue functions and obesity-related pathology (24,
25). Exogenous dietary sphingomyelin may be beneficial for
obesity prevention and treatment (28, 129, 133, 134). The
sphingomyelin purified from chicken skin could significantly
decrease hepatic lipid, plasma non-HDL cholesterol and
insulin levels via improvement of adiponectin signaling such
as adiponectin receptor 2 (Adipor2), peroxisome proliferator
activated receptor alpha (Ppara), pyruvate dehydrogenase
kinase 4 (Pdk4), and stearoyl CoA desaturase (Scd1) in
Zucker rats fed a HFD (133). Dietary supplementation of
sphingomyelin from egg yolk lowered the hepatic lipid content
in mice fed a HFD, and intestinal cholesterol absorption
content via inactivation of the LXR-SREBP-1c pathway, and
increased fecal lipid and cholesterol output (28). Furthermore,
dietary sphingomyelin from milk and egg yolk attenuated
the HFD-induced hepatic steatosis via regulating the lipid
absorption and metabolism, and lowered blood LPS via
bifidogenic effects and alterations in distal gut microbiota (129,
134). Milk polar lipids containing 25% sphingomyelin may
also affect gut physiology and the abundance of metabolically

relevant bacteria in mice fed a HFD such as Bifidobacterium
spp., Akkermansia muciniphila and Lactobacillus reuteri, which
are associated with the fecal excretion of lipids and bile salts
(135). In addition, the milk lipid concentrated-butter serum
(LC-BS) and its main lipid fractions including ceramides and
sphingomyelin can decrease TG and cholesterol levels in the
liver and plasma of obese KK-Ay mice (136). These results
indicate that dietary supplementation of sphingomyelin and
ceramides may prevent fatty liver and hypercholesterolemia, and
attenuate obesity.

Effects of dietary sphingomyelin on
diabetes

Insulin resistance in peripheral tissues is one characteristic
for the occurrence and development of T2DM. Mitochondrial
dysfunctions lead to the accumulation of lipid-derived
metabolites such as ceramides, which may increase the
risk of diabetes (137). Endogenous ceramides can cause
T2DM and its chronic complications through a variety
of ways. Therefore, either inhibition of ceramide de novo
synthesis to enhance the mitochondrial functions in HFD-
fed and db/db mice (26), or enhancement of the ceramide
degradation to form S1P is a potential method to reduce
ceramide level and attenuate lipotoxicity associated with it
(138). For example, promoting ceramide degradation may
reduce the synthesis of harmful lipids and promote synthesis
of those beneficial ones such as S1P (138). The treatment
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with exogenous S1P significantly increases non-glucose
stimulated insulin secretion in isolated mouse islets and
HIT-T 15 cells via the activation of phospholipase C-Ca2+

system (139). The extracellular S1P can also attenuate the
cytokine-induced apoptosis in pancreatic β cell through
acting on its receptors, suggesting that S1P in the blood has
potential protective effects in vivo (140). Milk sphingomyelin
supplementation significantly increased fecal lipids, but lowered
serum non-HDL cholesterol, hepatic TC and neutral lipids
via regulating the mRNA levels of related genes for lipid
metabolism in obese KK-Ay mice (29). Recently, treatments
with exogenous glucosylceramides and ceramides from sea
cucumber improve glucose tolerance and alleviate insulin
resistance in high-fructose-diet-fed SD rats via upregulating the
IRS/PI3K/Akt signaling pathway (141).

Effects of dietary sphingomyelin on
cardiovascular diseases

Atherosclerotic dyslipidemia, related to insulin resistance
and visceral obesity, are important risk factors for CVDs
(142). In the development of atherosclerosis, the endogenous
sphingomyelin on the arterial wall can be degraded into
ceramide by SMase, while the increase in ceramide content
will promote the aggregation of lipoproteins (103). Studies
have found that the content of ceramides in atherosclerotic
LDL is 10–50 times of the normal level (143), and the
endogenous sphingomyelin level in the plasma is correlated
with atherosclerosis, which has been implicated as a risk
factor for coronary artery disease (27). Therefore, the rate-
limiting enzymes for the de novo synthesis of ceramides and
sphingomyelin such as SPT andSMS1/2 may be targets for
pharmacological intervention to prevent or treat atherosclerosis.
The SMS2 and ApoE double knockout (KO) mice have
lower sphingomyelin levels in lipoproteins, and contents of
sphingomyelin, ceramides, free cholesterol, and cholesteryl
ester contents in the brachiocephalic artery (144). Endogenous
sphingomyelin synthesis promotes atherosclerosis. However,
dietary sphingomyelin appears to prevent atherosclerosis by
inhibiting cholesterol absorption (30, 118–120), modifying the
plasma and hepatic cholesterol and TG metabolism (116,
117), and influencing lipoprotein formation and mucosal
growth in the gut (14). Dietary sphingomyelin from egg yolk
does not affect circulating sphingomyelin levels or increase
atherosclerosis in apoE−/− mice fed a HFD, but it is anti-
atherogenic in apoE−/− mice fed a normal chow diet, which
may be related to sphingomyelin-mediated alterations in gut
flora, a topic that needs further investigation (30). Dietary
sphingomyelin from egg yolk reduced aortic neutral lipid
accumulation in aortic root lipid accumulation of apoE−/−mice
fed a HFD, without affecting serum or hepatic lipids, as well
as hepatic gene expression. Furthermore, there was a modest

modulation of gut microbiota in apoE−/− mice fed a HFD
supplemented with sphingomyelin from egg yolk. It is worth
noting that the mass ratio of sphingomyelin to cholesterol is 1:2
in the diet, which is similar to the ratio in egg yolk, indicating
that egg yolk food matrix may have health benefits and/or
counteract effects of dietary cholesterol (128).

Dietary sphingomyelin from milk also lowered atherogenic
lipoprotein cholesterol, reduced inflammation and attenuated
atherosclerosis development in LDLr−/− mice fed a diet
supplemented with anhydrous milk fat (31). Milk fat globule
membrane (MFGM) comprises a core of TG surrounded by a
structural membrane composed of phospholipids, cholesterol,
proteins, and glycoproteins (145, 146). While compared with
other animal-derived phospholipids containing lower than
5% sphingomyelin or plant-derived phospholipids without
sphingomyelin, MFGM extracts have received widespread
attention as a potential nutrient, especially their natural
phospholipid composition (98, 147). A multi-center double-
blind crossover study containing 58 overweight postmenopausal
women (ages 56–62) shows that diets enriched with milk
phospholipids can improve the cardiometabolic health by
decreasing levels of blood lipids associated cardiometabolic risks
and cholesterol absorption involving in specific interactions in
the small intestine, and increasing cholesterol-ileal efflux and
fecal loss of coprostanol without affecting the major bacterial
phyla of gut microbiota and fecal SCFAs (32). In addition, diets
enriched with milk phospholipids decreased the levels of blood
ceramide (C24:1) and sphingomyelin (C16:1, C18:1) species
to improve atherosclerosis, and increased total ceramides in
feces (148).

Application of dietary
sphingomyelin in food

Dairy products and infant formula

Urbanization and the general lack of time have shortened
the nursing period despite great attempts to support
breastfeeding for newborns. Only 35% of infants between
the ages of birth and 6 months are breastfed globally
(149). Substantial research has been conducted to study
the potential application of MFGM in dairy products and
infant formula (150–153). A recent review critically analyzed
preclinical and clinical research data involving MFGM and
its bioactive components in connection to the formation of
gut microbiota, infection resistance, cognitive development,
and infant metabolism (151). MFGM is highly organized
and made up of a variety of elements, including polar
lipids (phospholipids and glycosphingolipids), apolar lipids
(cholesterol and cerebrosides) and specialized proteins (mostly
glycoproteins) (154). Among them, sphingomyelin accounts
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FIGURE 4

Hypothesis that dietary sphingomyelin inhibits the intestinal cholesterol absorption pathways. Alk-SMase, alkaline SMase; SREBP-2, sterol
regulatory element-binding protein-2; NPC1L1, Niemann-Pick-Like Protein 1; N-CDase, neutral ceramidase; LPS, lipopolysaccharide; BA, bile
acid; TGR5, Takeda G protein-coupled receptor 5; FXR, farnesoid X receptor; SCFA, short-chain fatty acids.

for over 25% of milk phospholipids (145, 146). Sphingomyelin
is an essential component of the milk phospholipid fraction
owing to its high concentration of the MFGM and positive
impacts on human health, including brain development in
babies and protection of neonates from bacterial infections
(155). Interestingly, long-chain SFAs (C16:0, C22:0, C23:0,
and C24:0) with high melting points make up around 97%
of all MFGM sphingomyelins. Rarely, milk sphingomyelins
include C23:0 fatty acids in amounts of 17% or higher (154).
This distinguishing feature of milk sphingomyelins points to
a distinct, most likely a biological, function much beyond its
straightforward structural function in the MFGM. Albi et al.
(152) hypothesized that the sphingomyelin in human breast

milk is important for regulating gene expressions and forming
myelin sheets to assist the neural development. Data of clinical
and mechanistic preclinical studies indicate that full-fat dairy
diets reduce cardiometabolic risk through boosting gut health,
decreasing inflammation, and regulating dyslipidemia. These
cardiometabolic advantages at the gut and systemic levels
are attributed, at least in part, to milk polar lipids produced
from the phospholipid- and sphingolipid-rich MFGM, which
is more abundant in full-fat dairy milk (153). Deficiency
of choline, a metabolite of sphingomyelin, may contribute
to the decreased gain of lean body mass and pulmonary
and neurocognitive development of premature newborns
despite receiving enough macronutrients and gaining body
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weight (156). At present, there are 3,939 patented inventions
involving applications of sphingomyelin in infant formula milk
worldwide.1 As brain development occurs between 0 and 3 years
of age, these findings suggest a novel intervention strategy
to include sphingomyelin into newborn formulae to create
products equivalent to breast feeding. Consequently, more
patented inventions relate to infant formulae containing large
lipid globules and/or those coated with sphingomyelin such as
United States Patent No. 11389403 are developed to support
infant growth trajectories or physical development during the
first year of life more similar to those infants fed the breast milk
(157). The synthetic composition described in United States
Patent No. 11297872 includes sphingomyelin, choline, CIP, and
other glycosphingolipids, as well as metabolic precursors and
metabolites in formula milk. This composition may be used
to support or optimize de novo myelination, as well as brain
structure, brain connectivity, intellectual potential, cognitive
potential, learning potential, and cognitive enjoyment in a
formula fed subject (158). The creation of a lipid formulation
that resembles the human milk fat composition would be a big
step for the baby formula business and would allow to produce
high-tech formulas for newborns.

Skin improvement

Any significant ultraviolet (UV) exposure sets off an
inflammatory reaction in the epidermis, causing the skin to
become dry and rough and compromising its barrier function
(159). Photoaging, or prolonged exposure to UV radiation,
affects both the dermal and epidermal layers of the skin, causing
laxity, thickness, wrinkling, and changes in pigmentation (159,
160). Reactive oxygen species (ROS) are produced when
skin is exposed to UV light. The oxidative damages due
to the ROS production in keratinocytes and fibroblasts are
reduced by protective and detoxifying non-enzymatic and
enzymatic antioxidant molecules (161). Numerous dietary
supplements have been shown to improve skin elasticity
and health, including ascorbic acid, tocopherols, carotenoids,
and polyphenols, which can be taken orally to prevent skin
damages from UV radiation (159, 162, 163). The data of
several animal research and clinical trials have shown the
benefits of consumption of food-derived sphingomyelin and its’
metabolites on skin health, which include those derived from
plants, animals, and marine species (164–171). In comparison
to control mice, the supplementation of sphingomyelin
(146 mg/kg body weight/day) considerably reduced covalently
bound ω-hydroxy ceramides and significantly attenuated an
increase in transepidermal water loss (TEWL) (165). Dietary
sphingomyelin seems to further improve skin condition even

1 https://www.freepatentsonline.com/

under normal circumstances. Using hairless mice, Haruta-
Ono et al. found that dietary milk sphingomyelin markedly
decreased TEWL and stratum corneum hydration on epidermal
conditions in the sphingomyelin-fed animals (166–168). Dietary
soy sauce Lees ceramide, which was more efficient than
maize glucosylceramide, also dramatically improved epidermal
barrier function and reduced TEWL in normal hairless mice
(169). Evidence from clinical trials suggests that regular, long-
term orally supplementation with sphingomyelin may improve
skin health (170, 171). Oral sphingomyelin supplementation
dramatically improved volunteers’ perceptions of their skin’s
condition, including the moisture of their face skin and the
appearance of wrinkles around their eyes, as well as the
hydration of the skin at the heel and the flexibility of the
skin under the eye (170). Sphingomyelin, glucosylceramide,
and lactosylceramide were the key components of the
milk sphingolipid-enriched fraction cream, which helped
the skin’s ability to retain water and maintain the barrier
function (171). Experimental results suggest that the primary
sphingoid bases in mammals, sphingosine and sphinganine
from dietary sphingomyelin, may be partially reused in
epidermal sphingolipids (168). Although the mechanism
underlying skin condition enhancement is still not fully
understood, previous studies have postulated some potential
explanations. The fact that supplementary sphingomyelin
reduced the covalently bound ω-hydroxy ceramides brought
on by a single dose of UVB radiation is one reason for
the mitigation of skin barrier deficiencies (165, 172). Dietary
sphingolipids regulate the expressions of genes related to
the development of the stratum corneum, which relates the
production of the cornified envelope and tight junction proteins
(173, 174). Another potential mechanism for the improvement
of the skin barrier caused by dietary sphingomyelin is the
reduction of the inflammatory response in the skin. According
to Oba et al., in hairless mouse skin exposed to a single
dose of UVB, the oral administration of milk sphingomyelin
dramatically decreased the mRNA levels of genes linked to
acute inflammation, such as thymic stromal lymphopoietin
(TSLP), IL-1β, and IL-6 (165). The levels of thymus activation-
regulated chemokine, and TSLP mRNA in hairless mice fed
a magnesium-deficient diet were also markedly reduced by
dietary milk sphingomyelin (172). Due to the functions of
sphingomyelin and its metabolite ceramide to promote skin
elasticity and health, there are more than 20,000 patents related
to an effective ingredient of a skin beautifier and can be further
blended with a food or feed to provide protection. Taking
the United States Patent No. 20110065670 as an example, it
relates to a meal or drink that improves the appearance of
the skin as well as a skin beautifier that contains the useful
element sphingomyelin and offers beauty benefits such skin
moisturizing, skin beautification, wrinkle prevention, and skin
roughness prevention (175).
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Delivery system

Vesicles, which include smaller vesicles, liposome, and
exosomes with a diameter ranging from 30 to 100 nm, are
biological entities encased by a membrane comprised of one
or more lipid bilayers (176). Over the years, lipid vesicles
have been regarded as effective medication delivery and
carrier systems for bioactive compounds. Therefore, they
are extensively employed in many different applications,
including aesthetic, medicinal, therapeutic applications and
growing food industry. Hydrophobic compounds can be
solubilized inside of an aqueous vesicle since the vesicle is
surrounded by a phospholipid bilayer (unilamellar vesicles
or liposomes) or several concentric bilayers (multilamellar
vesicles) (177). Lipid vesicles made of glycerophospholipids
like soya lecithin or milk polar lipids, or model systems like
dipalmitoyl-phosphatidylcholine, have been the primary focus
of research for their potential use in the food industry (178,
179). Sphingomyelin molecules, the most abundant type of
sphingolipid in biological membranes, perform structural
functions and preferentially bind with cholesterol to create
organized regions termed lipid rafts (126, 180). According
to research by Morshed et al., lutein may be solubilized
into the bilayers of egg-sphingomyelin vesicles, known as
sphingosomes. This work opens up possibilities for the
development of functional foods and drinks that are enriched
with lutein and that have health benefits (177). The most
thoroughly researched antimicrobial lipids are free fatty acids,
monoglycerides, cholesteryl ester, sphingolipids, and others.
Nano-sized lipid-based carriers may provide a tool of drug
delivery for these antimicrobial agents, as they increase lipid
solubility and dispersion in aqueous formulations. Additionally,
nanocarriers may overcome drug resistance. Zhang et al.
discussed several types of antimicrobial lipids in nanocarriers
for the delivery of their activities. CAL02, a potential
infection-controlling liposome composed of cholesterol
and sphingomyelin, has been discussed as a novel anti-
infection strategy, indicating that the antibacterial functions
of antimicrobial lipids are worth to be investigated further
(181). Sphingomyelin nanosystems are the promising form of
carriers with potential for the combination of various types
of medications (182–184). Bouzo et al. (182) encapsulated the
anti-cancer drug etoposide in the sphingomyelin nanosystems,
which mediated an antiproliferative response by interacting
with colorectal cancer cells expressing the guanylyl cyclase
receptor. Nagachinta et al. (183) designed sphingomyelin-
based biocompatible nanosystems for intracellular delivery of
microRNAs to colorectal cancer cells. Jatal et al. (184) revealed
for the first time the possibility of combining sphingomyelin
nanosystems with the 4N1Ks peptide for the development of
novel senolytic cancer treatments. Therefore, sphingomyelin-
based vesicles can be used to develop combination therapies.
In addition, some inventions relate to the controlled delivery

of different pharmaceutical agents (185–187). WIPO Patent
No. WO/2001/041732 relates to compositions including
sphingomyelins and methods for the intranasal delivery
of active agents to the brain by means of neural pathways
(188). WO/2022/047234 relates to devices and methods for
the treatment of middle ear and/or inner ear disorders, and
applicable to the treatment of other diseases in the human
body. This kit includes sphingomyelins, stearyl, palmitoyl,
tricosanyl sphingomyelins, ceramides, stearyl, palmitoyl
ceramides, glycosphingolipids for delivering a drug formulation
to treat diseases (189). The pharmaceutical agent protected
by United States Patent No. 9186366 contains sphingomyelin
and acts as a sialomucin secretion promoter, an antiallergic
agent, an antioxidant, an infection defense agent, a hair
growth agent, a therapeutic agent for demyelinating disease,
an ant-pigmentation agent, an anti-inflammatory agent, or an
agent that improves learning ability (190). As mentioned,
sphingomyelin plays a role in cell structure, signaling,
differentiation and functions. It is important to conduct
more in in vitro and in vivo studies to assess the effectiveness of
sphingomyelin vesicles in fortified foods.

Oil organogels

In food applications, the demand for plastic fats from
plants and animals such as margarine and shortening is on
the rise. However, the contents of SFAs and trans fatty acids
(TFAs) are relatively high in the plastic fats, which has been
linked to a number of negative health effects, including altered
lipoprotein profiles and a higher risk of MetS and CVDs
(191, 192). This has promoted the research of oil organogels
instead of traditional plastic fats in the food industry. The
organogelation of liquid vegetable oils has become a hot spot in
the research of food-specific oils with the purpose of reducing
the content of SFAs and TFAs and increasing the intake of
MUFA and polyunsaturated fatty acids (PUFA) in our diets
(193). Organogelation of liquid vegetable oil is to fix or confine
the liquid vegetable oil in a thermally reversible network to
obtain a three-dimensional supramolecular network and liquid
oil co-exist structure system, so that it has specific structural and
functional properties which is called oil organogels (194). Oil
organogels are structural oils constructed by applying less than
5% oleogelators to liquid oil including vegetable waxes, fatty
acids, hydroxylated fatty acids, fatty alcohols, fatty acid–fatty
alcohol mixtures (stearic acid and stearyl alcohol), fatty esters,
monoglycerides, diacylglycerides, phospholipids, ceramides,
sorbitan monostearate, phytosterols, sterols (γ-oryzanol and β-
sitosterol), tocopherol mixtures, polyphenols mixtures, lecithin–
sorbitan tristearate mixtures (193–200). According to Rogers
et al. (194), the architecture of mixed ceramide networks
can be easily tailored to closely resemble colloidal fat crystal
networks, such as translucent ceramide-canola oil gels with
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2% synthetically pure ceramide, or opaque enzymatically
hydrolyzed egg yolk sphingomyelin-canola oil gels with 7%
crude extracts. Rogers et al. found that 2% N-acetyl-D-erythro-
sphingosine (C2) and other short-chain ceramides were able to
form edible oils like canola oil into self-assembling organogels
without the addition of SFAs and TFAs. The viabilities of colon,
prostate, ovarian, and leukemia cell lines were reduced by C2
ceramide, but not C18 ceramide (196). Due to the obvious
side chain characteristics, the melting of the organogelator can
be adjusted according to the application to obtain functional
properties. Sphingomyelin-derived ceramides obtained from
dairy products, eggs, and soybeans are mostly long-chain
ceramides. The high melting temperature of ceramides might
be beneficial since they provide thermal stability to systems
such as chocolate. However, their application as food-grade
oleogelators is limited due to their extremely crystalline
fibril structures and high melting points. Guo et al. added
phosphatidylcholine to the mixed gel system of ceramides,
and optimized the gel performance by changing the molar
ratio of the components and the gel formation temperature
(197–199). Generally, the effect of multi-component systems of
oleogelators is often better than that of a single-component,
and the gel performance can be optimized by changing the
ratios of the components. In addition, some inventions relate
to oleogelators by adding sphingomyelin and its metabolites in
foods, beverages, nutraceuticals, pharmaceuticals, pet foods, or
animal feeds (201–203). Ceramides have limited applications in
food-grade oleogelators due to their crystalline fibril structures
and high melting points, but a variety of sphingomyelin and
derivatives can be used for the food-grade oleogelators. Future
study may be conducted on the functions of monomers and
multi-component compounds in oil organogels.

Conclusion and perspectives

In this review, we summarized the content, structures,
digestion, absorption, and metabolism of sphingolipids, and
discussed the nutritional functioning of sphingomyelin in
chronic metabolic diseases and the possible implications in food
industry. Sphingolipids are a diverse category of chemically
complicated molecules that are present in the brain, plasma,
skin, and various foods including dairy, eggs, and soybeans.
There is a need for a more comprehensive assessment of
the varieties of sphingolipids in foods since certain diets
may include adequate concentrations of atypical or typical
sphingolipids that may have beneficial or detrimental impacts
on human health. Many metabolites of sphingomyelin and
derivatives are candidates for food-grade material, such as
sphingoid bases, ceramides, C1P, whose structural formula are
shown in Table 1. Sphingomyelin and ceramide are hardly
absorbed in the small intestine. They can only be degraded
into sphingosine to enter the circulation and be utilized

by the body. Meanwhile, sphingoid bases, ceramides and
sphingomyelin can also be interconverted, with ceramides
being the central molecule. Ceramides can be desaturated
to generate dihydroceramide, phosphorylated to form C1P
and sphingomyelin, deacylated to generate sphingosine
and then phosphorylated to produce S1P. Sphingomyelin
is hydrolyzed by SMase to generate phosphorylcholine and
ceramides, which in turn can be synthesized to C1P under
the action of CerK. Phosphatidylcholine, sphingomyelin,
and C1P are very similar in structure, with two long
hydrophobic hydrocarbon chains and a polar head
group. These characteristics of structure, absorption and
metabolism can allow sphingomyelin and its metabolites
to have wide applications in the food and pharmaceutical
industry.

Clearly, dietary sphingomyelin benefits human health.
Dietary sphingomyelin and its metabolites and derivatives
have great potentials for clinical application in chronic
diseases, cognitive development and intestinal health. Table 3
summarizes the ways by which dietary sphingomyelin
may be effective in chronic metabolic diseases, including
inhibiting cholesterol absorption, modifying the plasma hepatic
cholesterol and TG metabolism, influencing lipoprotein
formation and mucosal growth in the gut, improving glucose
tolerance and alleviating of insulin resistance, and modulating
gut microbiota community. In addition, sphingolipids are
prevalent in the brain, where they generate cell-type-specific
profiles that vary throughout development, aging, and
pathological brain changes. Bioactive metabolic intermediates
of gangliosides and sphingomyelin, especially ceramides and
S1P, have emerged as crucial players in the preservation of
brain health (204). The related papers mentioned in this
review provide important references for the design of dietary
sphingomyelin in the future.

When compared to other nutrients, dietary sphingolipids
have drawn less attention and remain to be fully understood.
Since no indication of sphingomyelin deficiency has been
observed, it is not considered an essential nutrient. Many
hypotheses have been proposed to explain the functional
mechanism of sphingomyelin and its metabolites. However,
many questions how dietary sphingomyelin and its metabolites
influence a variety of intricate cell functions still remain
unanswered. Future investigations are needed to determine the
fate of the exogenously added sphingomyelin, and differentiate
the roles of sphingomyelin itself and its metabolites. Especially,
endogenous sphingomyelin is involved in pathological changes
in obesity, diabetes and atherosclerosis; however, exogenous
dietary sphingomyelin and its metabolites have been shown
to maintain cholesterol homeostasis and lipid metabolism,
as well as the prevention or treatment of chronic metabolic
diseases. This seemingly paradoxical phenomenon needs to be
further verified by rigorous clinical trials and its mechanism
should be explored in more depth. Understanding of the

Frontiers in Nutrition 22 frontiersin.org

3837

https://doi.org/10.3389/fnut.2022.1002574
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/


fnut-09-1002574 October 13, 2022 Time: 16:14 # 23

Yang and Chen 10.3389/fnut.2022.1002574

underlying molecular mechanisms provide novel intervention
strategies and target for the prevention and treatment of
a variety of human illnesses. In general, the exciting but
unexplained phenomenon shows that dietary sphingomyelin
and its metabolites are candidates for food additives in
food industry or natural medicines for metabolic related
disease prevention.
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Influence of biotin intervention
on glycemic control and lipid
profile in patients with type 2
diabetes mellitus: A systematic
review and meta-analysis

Yujia Zhang, Yiwang Ding, Yawen Fan, Yenan Xu, Yuting Lu,

Lingzi Zhai and Ling Wang*

Faculty of Medicine, Macau University of Science and Technology, Macao, Macao SAR, China

Background: Biotin is a water-soluble vitamin acting as a covalently bound

coenzyme in regulating energy production. Previous studies have reported that

biotin supplementation may influence blood glucose and lipid level in patients

with type 2 diabetes mellitus (T2DM).

Methods: We searched Pubmed, Embase, and Cochrane library databases up

to 8th August 2022 for studies examining the e�ects of biotin supplementation

in T2DMpatients. Pooled e�ectsweremeasured byweightedmean di�erences

(WMDs) with 95% confidence intervals (CI) using random e�ects models.

Inter-study heterogeneity was assessed and quantified.

Results: A total of five random controlled trials (RCT), involving 445

participants were included. It was suggested that biotin supplementation for

28 to 90 days significantly decreased the level of fasting blood glucose (FBG)

(MD: −1.21 mmol/L, 95% CI: −2.73 to 0.31), total cholesterol (TC) (MD: −0.22

mmol/L, 95% CI: −0.25 to −0.19) and triglycerides (TG) (MD: −0.59 mmol/L,

95% CI: −1.21 to 0.03). No significant beneficial e�ects were observed on

insulin (MD: 1.88 pmol/L 95% CI: −13.44 to 17.21). Evidence for the impact

of biotin supplementation on the levels of glycated hemoglobin (HbA1c), low-

density lipoprotein cholesterol (LDL-C), high-density lipoprotein cholesterol

(HDL-C) and very low-density lipoprotein cholesterol (VLDL-C) was limited to

draw conclusion.

Conclusions: Biotin supplementation may decrease FBG, TC and TG levels.

However, its influence on insulin is not significant and further studies on the

e�ects of biotin on HbA1c, LDL-C, HDL-C and VLDL-C are expected.
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Introduction

Diabetes mellitus is a global health problem with a

prevalence of 11.3% and is projected to rise continuously (1).

According to theWorldHealthOrganization, 422million people

worldwide are suffering from diabetes and 1.5 million deaths

are directly attributed to diabetes every year. Type 2 diabetes

mellitus (T2DM) is the most common type of diabetes and

usually results in macro- and micro-vascular complications and

comorbidities in the body, such as diabetic retinopathy (DR),

diabetic foot, and diabetic kidney disease (DKD) (2). These

chronic complications have caused severe adverse impact on

the quality of life of human beings. Therefore, the prevention

and management of T2DM is of vital importance to alleviate its

disease burden.

Dietary vitamin supplementation is an easy and economic

strategy for both pre-diabetic and diabetic patients to help

control glucose and lipid metabolism. Vitamins are generally

classified as fat-soluble and water-soluble. Various studies have

systematically evaluated the effects of fat-soluble vitamins in

lowering the risk of T2DM and improving glycemic indices,

such as vitamin A (3), vitamin D (4–7), vitamin E (8)

and vitamin K (9). Specifically, vitamin D supplementation

has been proved to significantly ameliorate status of fasting

blood glucose (FBG), homeostatic model assessment of insulin

resistance (HOMA-IR), and glycated hemoglobin (HbA1c)

(10). Similarly, the role of water-soluble vitamins is also

important in maintaining energy metabolism. For example,

vitamin B1 (thiamine) is a co-enzyme for several enzymes,

including transketolase which is essential in the non-oxidative

branch of the pentose phosphate pathway (PPP) (11). Many

diabetic patients have been shown to have thiamine deficiency

and lower blood thiamine pyrophosphate concentrations were

associated with higher risk of DR (12). Moreover, vitamin

B12 deficiency, usually caused by prolonged use of metformin,

could result in severe oxidative stress and peripheral neuropathy

(13, 14). As frequent urination and excessive thirst are two

of the main symptoms of T2DM patients, it is unknown

whether water soluble vitamins would be lost along with

the extra urine discharge, thereby exacerbate the water-

soluble vitamin deficiency in T2DM patients. Therefore, the

study of individual water-soluble vitamin supplementation

is necessary to determine their blood status and effects on

T2DM patients.

Biotin, or vitamin B7, is a water-soluble vitamin that acts as

a prosthetic group of carboxylases (15). It serves as the essential

cofactor for the 6 biotin-dependent carboxylases: acetyl-

CoA carboxylase (ACC), geranyl-CoA carboxylase (GCC), 3-

methylcrotonyl-CoA carboxylase (MCC), pyruvate carboxylase

(PC), propionyl-CoA carboxylase (PCC), and urea carboxylase

(UC) (16). The first physiological function of biotin was

found in 1968 and proved to increase hepatic glucokinase

transcription (17). Subsequently, many in vitro studies reported

that biotin could stimulate pancreatic islet glucokinase activity

and expression (18), increase insulin secretion (19, 20), and

induce insulin receptor synthesis (21). Meanwhile, various

in vivo studies have also proven the efficiency of biotin in

ameliorating diabetic status. Lazo et al. (22) investigated the

effects of biotin in rodent pancreatic islets and confirmed that

biotin supplementation could augment the proportion of beta

cells and suppress mRNA expression of neural cell adhesion

molecule. In animal studies, the results of glucose tolerance

test (GTT) and insulin tolerance test (ITT) also supported the

association between biotin treatment and improved tolerance

condition (23, 24).

Current researches have demonstrated that biotin deficiency

could impair energy production by decreasing glucose

utilization and oxidative phosphorylation (25). Chuahan

et al. (26) reported that biotin could regulate the glucokinase

gene at the transcriptional stage in starved rats. In addition,

insulin expression and secretion were found to be increased

in response to biotin administration (18). On the other hand,

excessive biotin intake may also ameliorate diabetic status. A

study conducted in 43 Japanese T2DM patients demonstrated

a decrease of approximately 45% of FBG concentration after

one month of oral supplementation of 9mg of biotin per

day (15, 27). Similar effects were also observed in type 1

diabetic patients whose FBG levels decreased up to 50%

after daily administration of 16mg biotin for one week (28).

High-dose biotin may compensate for subnormal insulin

exposure by suppressing FOXO1 levels (29). Although the

mechanism of hyperglycemia is different, biotin is effective

in both type of diabetes mellitus (18, 30, 31). Moreover,

many clinical trials have shown the hypoglycemic effect of

biotin supplementation in overweight and obese individuals

with T2DM (32, 33). A double-blind placebo-controlled trial

including 348 participants reported a significant decrease in

LDL-C, TC, HbA1c, and VLDL-C after 3 months intervention

(34). However, another biotin intervention lasted for 4 weeks

showed no significant change in plasma glucose, insulin, TG,

TC or lactate concentration compared with placebos (35).

The difference between these results may be caused by the

small number of participants in one study and the specific

conditions of the experiment such as the duration and dosage of

the intervention.

Therefore, considering the lack of consensus, we performed

a systematic review and meta-analysis for random controlled

trials (RCTs) investigating the effects of biotin supplementation

on glycemic control, including HbA1c, FBG, insulin, and lipid

profile in T2DMpatients. Prior to our research, nometa-analysis

has been conducted in this regard.

Methods

This systematic review and meta-analysis was performed

based on the Preferred Reporting Items for Systematic Reviews

and Meta-Analysis reporting guidelines (36).

Frontiers inNutrition 02 frontiersin.org

4645

https://doi.org/10.3389/fnut.2022.1046800
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org


Zhang et al. 10.3389/fnut.2022.1046800

FIGURE 1

PRISMA flowchart of study selection.

Literature search strategy

We searched the Pubmed, Embase, and Cochrane library

electronic databases to identify RCTs that reported the effects

of biotin on glycemic control in patients with type 2

diabetes, through 8th August 2022. The following medical

subject headings (MeSH) terms and non-MeSH search terms

were included: ((“Biotin” OR “Vitamin B7” OR Water-

Soluble Vitamins) AND (“Type 2 diabetes” OR T2DM OR

diabetes mellitus OR non-insulin dependent diabetes) AND

[Intervention OR randomized OR trial OR “controlled trials”

OR “clinical trials” OR “cross-over” OR parallel)]. The detailed

search strategy is listed in the Supplemental materials. Articles

satisfying the intervention, ending point, and study design

criteria were pulled. We also manually reviewed the reference

lists of the included studies to avoid missing related researches.

Study selection

Two authors (ZY and FY) independently screened the

titles and abstracts of every paper retrieved by the literature

search to identify potentially eligible studies. We excluded

studies that are letters, comments, conference papers, meta-

analysis, reviews, RCTs with duplicate data or studies with

insufficient data. RCTs that reported at least one of the following

outcomes were included: 1) HbA1c, 2) FBG level, 3) insulin

level, 4) TC level, 5) TG level, 6) HDL-C level, 7) LDL-C

level, 8) VLDL-C level, 9) TG/HDL-C ratio. Any discrepancies

regarding on the selection process were resolved by a third

author (DY).

Data extraction

Data extraction was conducted by two authors

independently (ZY and DY). The following data were extracted

from each study: first author, publication year, location of the

study, study design and duration, age, gender, sample size,

type of intervention, the doses of biotin supplementation, BMI,

main glycemic control (mean and SD) for both control and

supplementation groups at baseline and end of the studies.

Outcomes that were measured in different units were unified by

mathematical conversion.
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Quality assessment

Cochrane criteria was applied to assess the risk of bias and

quality of the included studies (37). The assessment criteria

include random sequence generation, allocation concealment,

blinding of participants, blinding of outcome, incomplete

outcome data, selective report and other bias. Each study was

classified as low, high or unclear risk of bias regarding on

each segment.

Statistical analysis

All statistical analysis was performed using Review Manger

V5.4 (Copenhagen: The Nordic Cochrane Center, Cochrane).

To estimate the effect size of biotin on glycemic control,

random-effects model was used to evaluate the WMD, SD

and corresponding 95% confidence intervals (CI). Statistical

heterogeneity was assessed in the meta-analysis using the I2

and χ
2 statistics, and heterogeneity was considered substantial

if I2 >50% and P-value of < 0.10 in the χ
2 test (38). A

sensitivity analysis was performed by removing each study

one by one, to explore the contribution of each study to

the overall mean difference. Subgroup analysis was performed

according to the dosage of intervention (< or ≥ 9 mg/d).

Trials not applicable for meta-analysis were reported in a

narrative form.

Results

Search results

A total of 1,310 articles were identified through database

searching and citation searching, with 900 remained after

removing duplicates. Among the remaining articles, 886 records

were excluded due to the following reasons: unrelated title

and abstracts, animal studies and review studies. After a full-

text assessment for eligibility, five trials were included in the

qualitative and quantitative analysis (Figure 1).

Characteristics of the studies

The baseline characteristic of the included studies is

demonstrated in Table 1. The five trials were conducted in

three different countries including two in the United States,

two in Mexico and one in Japan from 1993 to 2007. All

of the trials were placebo controlled parallel RCTs and the

intervention period varied from 4 weeks to 3 months, while

284 patients were in the experiment group and 161 were

in the placebo group. One trial (27) did not report the

gender of participants, while the male and female participants
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distribution was even in two trials (35, 39). But the other

two trials (32, 34) showed male predominance and female

predominance, respectively. Baseline mean age and BMI varied

from 46 to 59 years and 28.6 to 30.5 kg/m2, respectively.

The dosage of biotin intervention ranged from 1.5 mg/d to

15 mg/d.

Quality assessment

The results of the quality assessment for the included

studies are presented in Figure 2. Three trials had a rigorous

experimental design and were considered to be at low risk. Two

trials (27, 39) were considered to be at a moderate risk due to

either unclear or lack of reporting on various potential biases.

The heterogeneity among studies for FBG (I2 = 0%, P =

0.33), insulin (I2 = 48%, P = 0.12), TC (I2 = 33%, P = 0.21),

TG (I2 = 0%, P= 0.38), HDL-C (I2 = 0%, P= 1.00), LDL-C (I2

= 0%, P= 0.93) and TG/HDL ratio (I2 = 0%, P= 0.33) was not

detected. Heterogeneity measured for VLDL-C (I2 = 88%, P =

0.004) was significant, which might be caused by using random

effects model.

E�ects of biotin on FBG levels

All of the five included studies examined the effect of biotin

supplementation on FBG levels. Overall, biotin supplementation

significantly reduced FBG levels (MD: −1.21 mmol/L, 95% CI:

−2.73 to 0.31, P = 0.33, I2 = 0%). Regarding on subgroup

analysis, two trials with supplementation of biotin dosage ≥ 9

mg/d significantly decreased FBG levels (MD: −3.02 mmol/L,

95% CI: −8.15 to 2.46). Three trials with supplementation

dosage of < 9 mg/d biotin demonstrated no significant

difference compared with placebos (MD: −0.10 mmol/L, 95%

CI: −2.38 to 2.18) (Figure 3). In addition, although two trials

used the combination of biotin and chromium, subgroup

analysis showed no significant difference in the effects of

supplementation between the groups with or without chromium

(34, 39) (Supplementary Figure S2).

E�ects of biotin on insulin levels

Four studies (32, 34, 35, 39) investigated the effects of

biotin supplementation on insulin levels. Overall, no significant

difference was observed in this meta-analysis (MD: 1.88 pmol/L,

95% CI: −13.44 to 17.21) (Figure 4). Regarding on subgroup

analysis, one trial involved 18 participants, ten of which took

biotin at the dosage of ≥ 9 mg/d and the other eight took the

placebo, both groups showed a significant decrease in insulin

levels, while the decrease was more remarkable in biotin group

(MD: −16.6 pmol/L, 95% CI: −41.65 to 8.45). However, three

FIGURE 2

Quality assessment for the included studies.

trials with supplementation dosage < 9mg/d biotin presented a

contrary trend where insulin levels were raised after intervention

(MD: 6.79 pmol/L, 95% CI: −9.20 to 22.78). Besides, the

combination of biotin and chromium supplementation did not

show any significant difference with the subgroup of individual

biotin supplementation (34, 39) (Supplementary Figure S3).

E�ects of biotin on HbA1c levels

Only one trial (34) reported the effects of biotin

supplementation on HbA1c levels in T2DM patients. Although

it’s not enough for a meta-analysis, according to the original

article, the experiment group involving 226 patients showed

a significant reduction in HbA1c levels compared with the

placebo group (MD:−0.18%, 95% CI:−0.39 to 0.03).

E�ects of biotin on TC and TG levels

Four studies (32, 34, 35, 39) investigated the effects of biotin

supplementation on TC levels (Figure 5A) and three studies
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FIGURE 3

E�ects of biotin supplementation on FBG levels < or ≥ 9 mg/d.

FIGURE 4

E�ects of biotin supplementation on insulin levels < or ≥ 9 mg/d.

(34, 35, 39) reported TG levels (Figure 5B). Overall, biotin

supplementation significantly reduced TC (MD:−0.22 mmol/L,

95% CI:−0.25 to 0.19) and TG levels (MD:−0.59 mmol/L, 95%

CI:−1.21 to 0.03). Meta-regression analysis did not demonstrate

any significant linear relationship between dosage of biotin

supplementation and changes in TC (Coefficient = −0.03)

(Supplementary Figure S1).

E�ects of biotin on HDL-C, LDL-C,
VLDL-C, and TG/HDL-C levels

Two studies (34, 39) pooled for this meta-analysis revealed

no significant effect of biotin supplementation on HDL-C levels

(MD: 0.00 mmol/L, 95% CI: −0.04 to 0.04) (Figure 6A). But

the supplementation mildly reduced LDL-C levels (MD: −0.03

mmol/L, 95% CI: −0.19 to 0.14) and a significant decrease was

found regarding TG/HDL-C ratio (MD: −0.77, 95% CI: −1.46

to−0.08) (Figures 6B,D).

Two studies (32, 34) investigated the effects of biotin

supplementation on VLDL-C levels. However, no significant

difference was observed in this meta-analysis (MD: −0.02

mmol/L, 95% CI:−0.19 to 0.14) (Figure 6C).

Sensitivity analysis

A sensitivity analysis was also performed to test the influence

of every individual trial on the overall effect size. Each trial was

removed from the sensitivity analysis orderly. After removing
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FIGURE 5

(A) E�ects of biotin supplementation on TC levels. (B) E�ects of biotin supplementation on TG.

the trails conducted by George et al. (39) or Cristina et al.

(32), sensitivity analysis showed that the effects of biotin

supplementation on serum insulin levels presented a significant

increase [(MD: 5.61 pmol/L, 95% Cl: −23.19. to 34.41) (MD:

6.79 pmol/L, 95% Cl:−9.20 to 22.78)] (Figure 7).

Discussion

In this meta-analysis, we evaluated the effects of biotin

supplementation on glycemic control in T2DM patients.

The results indicate that biotin supplementation significantly

improved lipid profile by decreasing TC, TG and TG/HDL-

C ratio, but no linear association was observed for these

changes and biotin dosage. The influence of biotin on LDL-

C, HDL-C and VLDL-C was mild to none. Supplementation

with or without chromium did not cause a difference on

the influence of TC and TG changes. Regarding on FBG

levels, T2DM patients receiving biotin supplementation at the

dosage of ≥ 9 mg/d showed a significant decrease, but the

reduction was not significant on those receiving < 9 mg/d

according to the subgroup analysis. Moreover, results for the

effect on insulin levels were inconsistent between subgroups

divided by dosage of the supplement. Evidence for HbA1c was

not enough because only one trial reported this parameter.

Therefore, considering the small number of included studies, no

conclusion can be made on the effects of biotin supplementation

on insulin, HbA1c, LDL-C, HDL-C and TG/HDL-C ratio

so far.

The effects of biotin on glycemic outcomes are mainly

caused by two pathways. First, biotin can increase the activity

and expression of glucokinase expressed in hepatocyte and

pancreatic β cell (40). Glucokinase phosphorylates glucose

to glucose 6-phosphate inside the hepatocyte, ensuring an

adequate flow of glucose enters the cell to be metabolized

(41). Glucokinase activity is essential for glucose-induced

insulin secretion, post-prandial hepatic glucose uptake, and

suppression of hepatic glucose output and gluconeogenesis

by elevated plasma glucose (33). Diabetic patients often have

subnormal hepatic glucokinase activities, which affects the rate

at which glucose is converted into glucose-6-phosphate in the

liver, thus hindering the breakdown of glucose and hepatic

glycogen. Biotin can stimulate glucokinase to accelerate the

conversion of glucose into pyruvate, thereby reducing FBG

levels (41, 42). Meanwhile, after the increase of glucokinase, the

carbon from glucose are provided for de novo lipogenesis (43).

Glucokinase mRNA expression has been proven to be associated

with markers of de novo lipogenesis and liver triglyceride

content in humans (44). The overexpression of glucokinase

can promote pathways that convert glucose to fatty acids,

which suggests that increased glucokinase activity may leads

to reduced blood glucose and induces hypertriglyceridemia

and hepatic steatosis (45, 46). Secondly, biotin acts as a

key coenzyme for PC in gluconeogenesis. In biotin-deficient

patients, biotin administration can increase PCC activity and

maintain blood glucose stability (47). Biotin can also repress

both the gluconeogenic genes and their transcription factors,

such as phosphoenolpyruvate carboxykinase (PCK1), glucose-

6-phosphatase (G6PC), forkhead box protein O1 (FoxO1) and

hepatocyte nuclear factor 4α (HNF4α) through a pathway

independent of insulin-signaling (48). The role of biotin in

glucokinase and PC together make up for the efficacy of its

potential clinical value.
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FIGURE 6

(A) E�ects of biotin supplementation on HDL-C. (B) E�ects of biotin supplementation on LDL-C. (C) E�ects of biotin supplementation on

VLDL-C. (D) E�ects of biotin supplementation on TGHDL-C ratio.

Regarding on lipid profile, biotin can regulate lipid

metabolism by reducing the expression of adipogenesis genes

in liver and adipose tissues. As the coenzyme of ACC1

and ACC2, biotin helps to catalyze the reaction of acetyl

CoA to malonyl CoA in the synthesis of long-chain fatty

acids, which is related to the synthesis of acetylcholine and

cholesterol (49). Biotin supplementation can reduce lipogenesis

by increasing cGMP content and activating AMP-activated

protein kinase (AMPK) (50), thereby inactivating ACC1. It

is also able to increase fatty acid oxidation by decreasing

ACC2 activity (32). In patients with atherosclerosis and

hyperlipidemia, decreased blood cholesterol concentration was

found after biotin supplementation, especially those with

exacerbated hyperlipidemia (51). The triglyceride-lowering

effect of biotin was also reported in patients with T2DM

(32). Meanwhile, another study suggested that biotin could

also potentiate the suppression of appetite by upregulating

ACC2 gene expression in the hypothalamus, which lead to the

suppression of food intake and contribute to the prevention of

diabetes (49).

Although non-human experiments have provided strong

evidence for the possible effects of biotin in the prevention

and treatment of diabetes, there is a huge blank regarding

data from clinical trials or RCTs. The latest article included in

this meta-analysis was conducted fifteen years ago. Similarly,

RCTs for thiamine supplementation in T2DM subjects also

dated back to nearly ten years ago (52). The notion of using

vitamin a preventive or therapeutic agent for T2DM is not

new, but many have focused on fat-soluble vitamins (4, 8, 9,

53). The effects of water-soluble vitamins, especially individual

vitamins in the vitamin B family, have far less been emphasized

on. Only a few studies have suggested the effects of vitamins
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FIGURE 7

Sensitivity analysis for the e�ects of biotin supplementation on insulin levels.

C and individual vitamins within the vitamin B family in

blood lipids and blood glucose levels. Results from a meta-

analysis of 15 studies indicated that vitamin C supplementation

significantly decreased TG and TC, but failed to improve

LDL-C and HDL-C in T2DM patients (54). Another meta-

analysis including six RCTs showed no significant beneficial

effects of thiamine supplementation were observed on glycemic

control (55).

Potential differences among included trials may be caused

by the duration of diabetes, underlying health condition, dietary

interference, and individual genetic and microbiota responses

to biotin (56). More importantly, water-soluble vitamins could

be largely expelled from the body due to T2DM patients’

poor absorption ability and frequent urination. Thiamine

deficiency (57), Vitamin B12 deficiency (58), niacin deficiency

(59), biotin deficiency (27) and other vitamin B deficiency

were widely reported in patients with T2DM. Whether and

how much of the water-soluble vitamin supplementation

would be lost in urine and how that influenced the ultimate

effects needs further clarification. The baseline biotin level

of the participants was not reported, the supplementation

methods were not specified, and the dosage of biotin

supplementation used in some studies was low and could

easily be influenced by normal diet. All of these factors may

be related to the lack of significant difference in insulin

levels. Therefore, besides high quality RCTs on the effect

of individual vitamin supplement, cross-sectional studies on

the blood and urine vitamin levels of T2DM patients are

all expected.

Limitations of this study include the quantity of included

RCTs, as few trials have been conducted in this area. Besides,

none of the RCTs in thismeta-analysis had a treatment or follow-

up period longer than three months, which could weaken the

observations of long-term effect. Moreover, the dietary intake

of biotin was not considered in all of the studies. Although the

intervention effect did not meet the requirements for clinical

significance due to the small sample sizes, we believe that our

study provides important information to the current knowledge

of the impact of biotin on glycemic control and lipid profile of

T2DM patients.
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Conclusions

In conclusion, our systematic review and meta-analysis

suggests that biotin supplementation may decrease TC and

TG levels while limited evidence suggested that its influence

on insulin, LDL-C, HDL-C, VLDL-C is not significant. T2DM

patients receiving higher dose of biotin demonstrated a decrease

in FBG levels. Biotin supplementation could be economical and

potentially beneficial to T2DM patients. However, more robust-

designed and updated studies with long-term follow-up and

large sample sizes are expected to further evaluate the veracity

of biotin supplement in T2DM patients.
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An olive-derived elenolic acid
stimulates hormone release
from L-cells and exerts potent
beneficial metabolic effects in
obese diabetic mice
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Jordan University of Science and Technology, Irbid, Jordan, 5Department of Medicinal Chemistry,
School of Pharmacy, Virginia Commonwealth University, Richmond, VA, United States, 6School of
Animal Sciences, College of Agricultural and Life Sciences, Virginia Tech, Blacksburg, VA,
United States, 7Department of Pharmaceutical Sciences, Biomanufacturing Research Institute and
Technology Enterprise, North Carolina Central University, Durham, NC, United States, 8Virginia Tech
Drug Discovery Center, Virginia Tech, Blacksburg, VA, United States

Insulin resistance and progressive decline in functional β-cell mass are two

key factors for developing type 2 diabetes (T2D), which is largely driven by

overweight and obesity, a significant obstacle for effective metabolic control

in many patients with T2D. Thus, agents that simultaneously ameliorate

obesity and act on multiple pathophysiological components could be

more effective for treating T2D. Here, we report that elenolic acid (EA),

a phytochemical, is such a dual-action agent. we show that EA dose-

dependently stimulates GLP-1 secretion in mouse clonal L-cells and isolated

mouse ileum crypts. In addition, EA induces L-cells to secrete peptide YY

(PYY). EA induces a rapid increase in intracellular [Ca2+]i and the production

of inositol trisphosphate in L-cells, indicating that EA activates phospholipase

C (PLC)-mediated signaling. Consistently, inhibition of (PLC) or Gαq ablates

EA-stimulated increase of [Ca2+]i and GLP-1 secretion. In vivo, a single dose

of EA acutely stimulates GLP-1 and PYY secretion in mice, accompanied with

an improved glucose tolerance and insulin levels. Oral administration of EA

at a dose of 50 mg/kg/day for 2 weeks normalized the fasting blood glucose

and restored glucose tolerance in high-fat diet-induced obese (DIO) mice to

levels that were comparable to chow-fed mice. In addition, EA suppresses
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appetite, reduces food intake, promotes weight loss, and reverses perturbated

metabolic variables in obese mice. These results suggest that EA could be

a dual-action agent as an alternative or adjuvant treatment for both T2D

and obesity.

KEYWORDS

elenolic acid, glucagon-like peptide-1, peptide YY, obesity, type 2 diabetes, mice

Introduction

Type 2 diabetes (T2D) is a result of chronic insulin resistance
and loss of β-cell function and mass (1–3). In both experimental
animals and people, obesity is a leading pathogenic factor for
developing insulin resistance and T2D, which is regarded as
a significant obstacle for effective metabolic control in many
patients with T2D. Constant insulin resistance will progress to
T2D when β-cells become unable to secrete adequate amounts
of insulin to compensate for decreased insulin sensitivity, which
is largely due to loss of functional β-cell mass (1–3). Metformin
has been widely used for the treatment of T2D. While it is
effective in ameliorating hyperglycemia primarily by reducing
hepatic glucose production and enhancing insulin sensitivity, it
is unable to promote desired weight loss and stop the progressive
decline in β-cell function and mass (4, 5).

It is well-established that the incretin hormone glucagon-
like peptide-1 (GLP-1), which is primarily secreted from
intestinal L-cells, plays a critical role in maintaining glycemic
homeostasis via potentiating glucose-stimulated insulin
secretion (GSIS) and promoting β-cell proliferation and
survival (6–8). Recently, GLP-1-based drugs, including GLP-1
analogues and dipeptidyl peptidase-IV (DPP-IV) inhibitors that
inhibit breakdown of GLP-1, have been developed for treating
T2D (9–11), but patients given GLP-1-based drugs suffer from
side effects such as nausea and vomiting (12). In addition, the
weight loss efficacy of these monotherapies is often limited (13).
Compared with GLP-1, peptide YY (PYY) secreted from L-cells
may play a more important role in regulating satiety and food
intake in both humans and rodents (14, 15). Recent studies
further showed that GLP-1 and PYY synergistically inhibit
appetite in mice (16) and humans (17, 18). Therefore, agents
that are capable of targeting both GLP-1 and PYY secretion
could be a safe and effective strategy in the prevention and
treatment of T2D by promoting obesity and insulin resistance
control and simultaneously improving functional β -cell mass.

A recent study showed that consumption of extra virgin
olive oil (EVO) provided better glycemic control as compared
with pure olive oil (POO) in human subjects (19). EVO has a
nearly identical fatty acid composition but considerably higher
amount of phytochemicals than POO (20), suggesting that the
beneficial effect of EVO may be at least partially attributed to one

or more of its phytochemical components. Interestingly, EVO
intake resulted in higher serum GLP-1 and insulin levels but
lower postprandial glycemia relative to POO in patients with
morbid obesity (19). However, the specific compound(s) that
are responsible for the observed metabolic beneficial actions
of EVO are unclear. Oleuropein and its derivatives such as
hydroxytyrosol and elenolic acid (EA) are major phytochemicals
in olives (21). EA is present in mature olives and EVO,
and is derived from decomposition of oleuropein during fruit
maturation (22). Oleuropein and its aglycone oleacein have
moderate glucose-lowering effects and ameliorate high-fat-diet
(HFD)-induced metabolic alterations in rodent models, but it
has not been investigated either in vitro or in vivo whether
EA exerts beneficial actions related to healthy or disease states
such as diabetes. In this study, we generated EA by hydrolyzing
oleuropein and investigated the effects of EA on GLP-1 and
PYY secretion in L-cells and further explored the underlying
mechanism of EA’s action. In addition, we explored the anti-
diabetic effects of EA in diet-induced obese (DIO), glucose
intolerant mice.

Materials and methods

Chemicals and reagents

Oleuropein (purity ≥ 80%, HPLC) for EA synthesis was
from Shaanxi Huike Botanical Development Co. (Xi’an, China);
metformin was from Cayman Chemicals (Ann Arbor, MI,
USA); U73122 was from Tocris Bioscience (Pittsburgh, PA);
YM 254,890 was from Focus Biomolecules (Plymouth Meeting,
PA, USA); DMEM media, fetal bovine serum (FBS), and other
cell culture supplements were from Hyclone (GE Healthcare
Bio-Sciences, Pittsburgh, PA, USA); fluro-4AM was from
ThermoFisher Scientific (Waltham, MA); antibodies for western
blotting were from Santa Cruz Biotechnology (Dallas, TX,
USA); assay kits for measuring active GLP-1 [GLP-1 (7–36)
amide and GLP-1 (7–37)], triglyceride, human PYY as well as
dipeptidyl peptidase IV (DPP4) inhibitor assay kit were from
Cayman Chemical (Ann Arbor, MI); oleacein, hydroxytyrosol,
oleocanthal, tyrosol, and oleuropein (≥ 95% pure) for GLP-1
secretion assays, RPMI1640 medium, and all other chemicals
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were purchased from Millipore Sigma (Burlington, MA, USA);
IP3 ELISA kit was from Amsbio (Cambridge, MA, USA); mouse
insulin and leptin ELISA kits and mouse total GLP-1 ELISA kits
were from Crystal Chem (Elk Grove Village, IL); glucose meter
and strips were from AgaMatrix (Salem, NH); and free fatty acid
(FFA) assay kits were from BioAssay Systems (Hayward, CA,
USA).

Generation of elenolic acid

Oleuropein was dissolved in tetrahydrofuran (THF),
followed by the addition of 1 N aqueous H2SO4 and stirring
for 48 h at room temperature. After removing THF under
vacuum, the solution was neutralized to pH 7.5 with 1 N
NaOH solution. The solution was washed with ethyl acetate
(EtOAc) three times. The neutral solution was acidified with
1 N HCl and extracted with EtOAc. The organic layer was
collected and dried with anhydrous sodium sulfate overnight.
After evaporating the solvent, the residue was purified by flash
chromatographic procedures, using dichloromethane-methanol
(contain 1% acetic acid) as mobile phase to obtain EA. The
final product identity and purity was confirmed by liquid
chromatography-mass spectrometry (LC-MS) (SHIMADZU
Scientific Instruments, Inc., Columbia, MD, USA), 1H-NMR,
and 13C-NMR analyses.

Glucagon-like peptide-1 secretion
measurement

GLUTag L-cells (provided by Dr. Daniel J. Drucker,
Lunenfeld Tanenbaum Research Institute, Toronto, ON,
Canada) were cultured as previous described (23). For
GLP-1 secretion assays, cells were incubated with Krebs-
Ringer Modified (KRB) buffer containing 0.2% bovine serum
albumin (BSA) for 30 min and then treated with EA (0.1,
1, or 10 µM), 10 µM oleacein, hydroxytyrosol, oleocanthal,
tyrosol, oleuropein, or 1 µM forskolin and 1 µM 3-isobutyl-
1-methylxanthine (IBMX) for 1 h. For some experiments,
cells were pretreated with various inhibitors for 30 min prior
to the addition of 10 µM EA for 1 h. Supernatants were
collected for measuring GLP-1 [7–36 (NH2) and GLP-1 (7–37)]
concentrations using an assay kit, which was then normalized to
the protein content in the same sample. The ileum crypts were
isolated from mice as previously described (24, 25). The crypts
were maintained for 48 h, and then treated with EA or forskolin
(10 µM) plus IBMX for 1 h to measure GLP-1 secretion.

Peptide YY secretion assay

NCI-H716 cells (ATCC, CCL-251) were maintained in
RPMI1640 medium supplemented with 10% fetal bovine serum

(FBS), 2 mM L-Glutamine, and 1% penicillin streptomycin
in a humidified incubator at 37◦C and 5% CO2. For PYY
secretion, 2 × 105 NCI-H716 cells were seeded into a 12-well
plate that was precoated with Matrigel. Before the treatment,
cells were incubated with KRB buffer containing 0.2% BSA
for 30 min and then treated with EA or 2 mM butyrate for
1 h. Supernatants were collected for measuring PYY (in the
form of 3–36) concentration using an assay kit, which was then
normalized to the protein content in the same sample.

Intracellular calcium measurement

To identify whether EA induces intracellular calcium influx,
GLUTag cells were loaded with 2 µM Fluo-4AM in Ca2+-
free KRB and incubated at 37◦C for 1 h. The cells were
then washed and resuspended in Ca2+-free KRB buffer at
2 × 106 cell/ml and transferred to opaque 96-well microplates.
Basal fluorescence signals of Fluro-4AM-loaded cells were
measured at 495 nm excitation and 518 nm emission using
a spectrofluorophotometer (FLUOstar OPATIMA, Cary, NC,
USA). After 10 sec, EA or inhibitor was injected into culture
plates, and fluorescence was continuously recorded for 240 s.

Inositol trisphosphate assay

GLUTag cells (105 cells/well) were treated with vehicle or
10 µM EA for 30 sec, followed by addition of 10% perchloric
acid to terminate the reaction. IP3 concentrations in the cell
lysates were measured using an ELISA kit.

Trypsin protection assay

To investigate whether EA binds with Gα subunits,
the isolation of plasma membranes and subsequent trypsin
protection assays were performed as described (26) with
modifications. The inactive Gα can be readily cleaved by trypsin,
whereas the active Gα due to the agonist-stimulated binding
of GTP protects it from trypsinolysis (26). In brief, GLUTag
cells were lysed in 10 mM Tris–HCl (pH 7.4) buffer containing
5 mM EDTA, 10 µg/ml benzamidine, 10 µg/ml soybean trypsin
inhibitor (type II-S), and 5 µg/ml leupeptin, and plasma
membranes were isolated. Cell membranes (30 µg) were then
incubated in 25 mM HEPES (pH 7.5) buffer containing 1 mM
EDTA, 20 mM β-mercaptoethanol, 25 mM MgCl2, 100 mM
NaCl, 10 µM GDP, and 50 µM GTPγS in the presence or
absence of EA or vehicle at 37◦C for 15 min. Afterward, the
cell membranes were digested with 100 µg/ml of N-tosyl-L-
phenylamine chloromethyl ketone (TPCK)-trypsin (1:25 ratio
of trypsin to total protein) at room temperature for 15 min,
and the reaction was terminated by the addition of gel loading
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buffer and heating at 95◦C. The samples were then analyzed by
immunoblotting with antibodies against Gαs, Gαi, or Gα q.

Animals

Male C57/BL6J mice (male, 8 weeks old) were purchased
from the Jackson Laboratory (Bar Harbor, ME, USA). All mice
were kept under constant temperature (23◦C) and Light cycle
(12 h Light/12 h dark) with ad libitum access to water and
either a standard chow diet (SD, 11% kcal from fat) or high-
fat-diet (HFD, 58% kcal from fat) (Research Diets, Inc., New
Brunswick, NJ, USA). All protocols for the following animal
experiments were approved by the Institutional Animal Care
and Use Committee at Virginia Tech.

Acute effects of elenolic acid on
glucagon-like peptide-1 and peptide
YY secretion and glucose intolerance
in mice

Next, we used DIO mice to assess whether acute
administration of EA improves glucose tolerance, thereby
exerting potential anti-diabetic potential consistent with its
stimulatory action in GLP-1 and PYY secretion. In that regard,
C57B6 mice (male, 8 weeks old) were fed a control, standard
chow diet (SD; Research Diets, NJ, containing 11, 73, and 16%
kcal from fat, carbohydrate and protein, respectively) or a HFD
(containing 58% kcal from fat) for 12 weeks (wks) to induce
obesity, insulin resistance, and glucose intolerance (27). To
perform intraperitoneal glucose tolerance test (IPGTT), mice
(n = 8/group) were fasted for 14 h followed by measuring
basal blood glucose levels using samples drawn from tail vein.
Mice were then given 50 mg/kg EA or same amount of vehicle
via oral gavage. EA was dissolved in 0.1 M NaHCO3 and
then suspended in 2% methylcellulose before administration. At
30 min after EA administration, blood samples were drawn for
glucose measurements, and then an IPGTT (1.5 g glucose/kg)
was performed. The area under the curve (AUC) from these tests
was calculated as previously described (28). For assessing the
effects of EA on GLP-1 and PYY levels, obese mice were fasted
for 6 h and blood samples from tail vein were collected into pre-
chilled tubes containing 50 µM diprotin A and 5 mM EDTA
for baseline analyses. Mice were then administered 50 mg/kg
EA or vehicle (n = 8/group) and blood was drawn at 15 min
post-injection for measuring total GLP-1 (tGLP-1, C) and PYY
(D) levels using ELISA kits. To examine the effect of EA on
glucose stimulated insulin secretion (GSIS), mice were fasted
for 6 h and then administered 1.5 g/kg glucose via IP injection.
Tail vein blood samples were obtained before and 30 min
after glucose administration, and plasma insulin levels were
measured with an ELISA kit.

Metabolic effects of elenolic acid on
obese mice

C57BL6 mice (8 weeks old, male) were fed either a SD or
a HFD (n = 8 mice/group) for 10 weeks to induce obesity.
Obese mice were divided into two groups with similar body
weight (BW) and blood glucose and then given either EA
(50 mg/kg once daily) or vehicle via oral gavage for 2 weeks.
Age-matched mice fed a SD were used as healthy controls
and were administered the vehicle orally for 2 weeks. Body
weight, non-fasting blood glucose (NFBG), and fasting blood
glucose (FBG) were recorded weekly. For measuring food
intake, pre-weighed food pellets were provided and replaced
twice a week, and cumulative food intake was calculated.
IPGTT was performed at the end of this experiment. Body
composition of mice was evaluated by NMR Analyzer for small
animals (Bruker, Billerica, MA, USA) at the beginning and
end of the study. Following these procedures, mice were fasted
overnight, euthanized, an blood was collected immediately via
cardiopuncture. Plasma insulin, leptin, FFA and triglycerides
were measured using assay kits.

Statistical analysis

Data were analyzed by unpaired student’s t-test or one-
way ANOVA using SigmaPlot software. Significant differences
between multiple groups were subjected to Tukey’s test.
A p < 0.05 was considered statistically significant. Values are
presented as mean ± standard error (SE) or SE of mean (SEM),
where appropriate.

Results

Synthesis and validation of elenolic
acid

Elenolic acid (EA) was synthesized by hydrolysis of
oleuropein followed by multiple steps of extraction and
purification procedures. The purity of generated EA was > 95%
as determined by LC-MS analysis, which showed that the
predominant EA peak has a retention time of 5.50 min [M-
H]− of 241.07 (Supplementary Figure 1A). The isolated EA
is an aldehyde form as confirmed with high-resolution mass
spectrometry fragmentation (Supplementary Figure 1B), and
its chemical structure and calculated mass are shown in the
inset. The aldehyde form of EA was further determined by
13C and 1H nuclear magnetic resonance (NMR) spectroscopy
(Supplementary Figures 1C,D). The chemical shift of aldehyde
EA is 13C (> 200 ppm) and 1H (9.7 ppm) from 13C-NMR to
1H-NMR analysis, respectively.
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FIGURE 1

Elenolic acid (EA) induces both glucagon-like peptide-1 (GLP-1) and peptide YY (PYY) secretion from L-cells. GLUTag L-cells (A) or mouse ileum
crypts (B) were incubated with various concentrations of EA or vehicle for 1 h. GLP-1 secreted into medium was measured by ELISA, and the
GLP-1 secretion was normalized to protein content of each treatment and converted to the percentage of the control. (C) GLP-1 secretion from
cells treated with 10 µM EA, oleuropein (OP), oleacein (OC), hydroxytyrosol (HT), oleocanthal (OT), or tyrosol (TS) for 1 h. (D) GLUTag cells were
pre-incubated with or without DPP4 inhibitor vildagliptin (Di; 50 µM) for 30 min and then treated with vehicle or 10 µM EA for another 1 h.
Supernatants were collected for GLP-1 secretion measurement. (E) The DPP4 activity in the presence of EA or DI was analyzed using a
fluorescence reader at an excitation wavelength of 360 and emission wavelength of 465. (F) NCI-H716 L-cells were incubated with EA or
vehicle for 1 h. PYY released into supernatants were measured using an assay kit. Data are mean ± SEM (n = 3–4). ∗p < 0.05 vs. control;
#p < 0.05 vs. EA.

Elenolic acid is an intestinal L-cell
functional agonist with anti-diabetic
potential

We show that EA is an incretin secretagogue, with 1–10 µM
concentration inducing significant GLP-1 release from GLUTag
L-cells after 1 h of exposure (Figure 1A). Similarly, EA treatment

significantly increased GLP-1 secretion from isolated mouse
ileum crypts (Figure 1B), suggesting that the EA effect on L-cells
is physiologically relevant. Next, we compared the effect of EA
on GLP-1 secretion with that of other secoiridoids, including
oleuropein (OP), oleacein (OC), hydroxytyrosol (HT), as well as
oleocanthal (OT) and tyrosol (TS). We found that EA is much
more potent in stimulating GLP-1 secretion than OP and OC,
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whereas OT, HT, and TS are inactive (Figure 1C), indicating
that EA is unique in inducing GLP-1 secretion. To determine
whether EA induces GLP-1 secretion through inhibition of
DPP-IV, we pre-incubated the cells with 50 µM vildagliptin, a
DPP-IV inhibitor. As shown in Figure 1D, vildagliptin alone
increased GLP-1 level by 16% (p < 0.05), which was only about
30% of that achieved by exposure to EA. In the presence of
vildagliptin, EA-stimulated GLP-1 release was further increased,
which should be due to the inhibitory effect of vildagliptin
on GLP-1 degradation. We further confirmed that vildagliptin
was very potent in inhibiting DPP-IV with doses > 10 µM
completely ablating its enzymatic activity while EA at the same
doses was inactive (Figure 1E). These results demonstrate that
EA action on GLP-1 secretion from L-cells is mediated via a
DPP-IV-independent mechanism. Last, to examine whether EA
also directly induces PYY secretion from L-cells, we cultured
NCI-H716 cells in the presence or absence of EA. Consistent
with its effect in vivo, EA stimulated PYY secretion from L-cells,
with 10 µM increasing PYY secretion by over 100% (Figure 1F).

Elenolic acid stimulates glucagon-like
peptide-1 secretion through a
Gαq-PLC-IP3-Ca2+-dependent
mechanism

To explore the signaling mechanism that mediated
EA-stimulated GLP-1 secretion, we first examined whether
EA increases intracellular [Ca2+]i, which is critical for
triggering GLP-1 secretion (29). We found that L-cells
exposed to EA displayed a rapid increase in intracellular
[Ca2+]I (Figure 2A). We then examined the effect of EA
on the activity of phospholipase C (PLC), which hydrolyzes
phosphatidylinositol 4,5-bisphosphate (PIP2) to the Ca2+-
mobilizing second messenger inositol triphosphate (IP3),
thereby elevating cytosolic [Ca2+] (30). The result showed
that EA treatment elicited a rapid IP3 production in L-cells,
indicating that EA stimulated PLC activity (Figure 2B). Further,
incubation of L-cells with U73122, a specific antagonist of PLC,
completely ablated EA-elicited intracellular [Ca2+]i increase
(Figure 2C) and GLP-1 secretion (Figure 2D), suggesting
that EA induced-GLP-1 secretion was mediated via the PLC-
dependent pathway. Next, we determined whether EA induces
GLP-1 secretion via Gαq, as the secretion of GLP-1 could
be regulated via G-protein-coupled receptors, which signal
primarily through Gαq, leading to activation of PLC/Ca2+

signaling (31–35). We found that blockage of Gαq with the
Gαq specific inhibitor, YM 254890, diminished EA-induced
GLP-1 secretion (Figure 2E). We further examined whether EA
activates Gαq by performing a trypsin sensitivity assay (26), Cell
membranes incubated with EA exhibited a clear and strong Gαq

band, which was completely absent in vehicle-treated plasma
membranes (Figure 2F). Collectively, these results provide

evidence that EA-stimulated hormone secretion from L-cells is
mediated by activating Gαq/PLC/Ca2+ signaling.

Acute administration of elenolic acid
improved glycemic control and
increased blood glucagon-like
peptide-1, peptide YY, and insulin
levels

We next assessed the acute effect of EA on glucose excursion
in HFD-induced obese, glucose intolerant mice. The results
from IPGTT showed that administration of EA significantly
reduced blood glucose levels at 15, 30, and 60 min post-injection
of glucose as compared with the control mice (Figures 3A,B),
which is consistent with the established role of GLP-1 in
glucose homeostasis. Next, we determined the effect of oral
administration of EA on GLP-1, PYY, and insulin secretion in
obese mice under glucose challenge. Acute administration of
EA increased blood GLP-1 (Figure 3C) and PYY (Figure 3D)
levels by about 50% (p < 0.05), demonstrating that EA-evoked
GLP-1 and PYY (3–36) secretion from L-cells ex vitro is
recapitulated in vivo. Acute administration of EA also increased
plasma insulin levels in obese mice under glucose challenge
(Figure 3E), suggesting that it promoted glucose-stimulated
insulin secretion (GSIS), which is consistent with such a role
of GLP-1 in pancreatic beta-cells. Importantly, EA did not alter
blood glucose levels in SD-fed lean mice (Figure 3F), indicating
that it has no hypoglycemic effect in metabolically healthy mice.

Elenolic acid reverses hyperglycemia in
diet-induced obese mice

We then conducted an animal study to evaluate whether EA
has potential as a therapeutic for the treatment of obesity and
T2D. In that regard, C57B6 mice were fed a SD or a HFD for 10
wks to induce obesity, insulin resistance, and glucose intolerance
(27), followed by oral administration of EA (50 mg/kg) once
per day for 2 weeks. Remarkably, treatment with EA completely
reversed hyperglycemia (Figures 4A,B). Consistently, EA also
fully corrected glucose intolerance (Figures 4C,D) in obese
mice.

Elenolic acid promotes body weight
loss and reverses obesity-associated
perturbation of metabolic variables in
diet-induced obese mice

Oral administration of EA promoted weight loss in DIO
mice during 2 wks of treatment, which reduced BW from
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FIGURE 2

Elenolic acid (EA)-induced glucagon-like peptide-1 (GLP-1) secretion is mediated via a Gαq-PLC-IP3-Ca2+-dependent mechanism. (A) GLUTag
L-cells were pretreated with Fluo-4AM and treated with vehicle or 10 µM EA. The [Ca2+]i response was measured using a fluorescence plate
reader. A representative graph from 4 experiments is shown. (B) L-cells were treated with 10 µM EA or vehicle for 20 s. The intracellular IP3

contents were measured using an ELISA kit. (C) GLUTag cells were labeled with Fluo-4 AM in the presence or absence of 10 µM U73122 (U) for
30 min, followed by an injection of 10 µM EA or vehicle. The [Ca2+]i response was measured as stated above. (D) GLUTag cells were pretreated
with 10 µM U73122 (U) for 30 min, followed by addition of 10 µM EA or vehicle for another 1 h. Supernatants were collected for GLP-1
measurement. (E) L-cells were preincubated with 10 µM Gαq inhibitor, YM 254,890 (YM) for 30 min followed by incubation with 10 µM EA or
vehicle for 1 h. Supernatants were collected for measuring GLP-1 secretion. (F) Cell membranes isolated from L-cells were treated with vehicle
or EA for 15 min. Western blotting was performed with Gαq antibody. L, ladder; Lane 1: assay control (without trypsin); Lane 2: vehicle; Lane 3:
1 µM EA; Lane 4: 10 µM EA. Data are means ± SEM; n = 5–6. ∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001 vs. control.

37.3 ± 1.4 g to 35.4 ± 1.42 g, corresponding to a decrease
of 5.0 ± 1.4% (P < 0.05), whereas the BW of vehicle-
treated DIO mice increased by 6.4% over their initial BW,
37.3 ± 1.4 (Figure 5A). In addition, EA reduced food
intake, with cumulative food intake at the end of 2 weeks
reduced to 28.0 ± 1.5 g/mouse in EA-treated mice from
35.6 ± 1.1 g/mouse in control group, corresponding to a 21.4%
reduction (Figure 5B). The result of body composition analysis

showed that EA treatment significantly reduced fat percentage,
whereas the lean mass was increased by 8% relative to vehicle-
treated mice (Figure 5C), suggesting that EA is likely a non-
toxic, novel anti-obesity agent. As expected, blood leptin and
insulin levels in obese mice were greater than in SD mice
(p < 0.01), demonstrating that obese mice developed insulin
resistant (36). Strikingly, treatment with EA for only 2 weeks
reduced the obesity-elevated leptin and insulin levels by 69.3%
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FIGURE 3

Acute effects of elenolic acid (EA) on glucose tolerance, glucagon-like peptide-1 (GLP-1), peptide YY (PYY), and insulin secretion in mice.
C57BL6 male mice (8 weeks old) on high-fat-diet (HFD) for 12 weeks were fasted for 14 h and then were given EA (50 mg/kg, oral gavage) or
vehicle, followed by performing intraperitoneal glucose (1.5 g/kg) tolerance test (IGTT) (A), and the area under the curve (AUC) from GTT was
calculated (B). For assessing the effects of EA on GLP-1 and PYY levels, obese mice were fasted for 6 h and blood was drawn for baseline
analyses. Mice were then given EA (50 mg/kg) or vehicle. Blood total GLP-1 [tGLP-1, (C)] and PYY (D) levels were measured at 15 min after
gavage. (E) Plasma insulin levels in 6-h fasted mice before (0) and 30 min following sequential administration of EA (50 mg/kg, gavage) and by
glucose (1.5 g/kg, ip. Injection). The results of IPGTT from lean (F) mice following administration of EA (50 mg/kg) via gavage. Data are
mean ± SE. ∗p< 0.05, ∗∗p< 0.01 (n = 4–8 mice/group).

(Figure 5D) and 58.5% (Figure 5E), respectively, in obese mice,
which is likely due to improved obesity and insulin resistance
consistent with previous findings in this mouse model (37, 38).
EA almost completely reversed the elevated plasma triglyceride
concentrations in obese mice to those in SD mice (Figure 5F;
P < 0.05). Similarly, plasma FFA concentrations in EA-treated
mice were lower relative to control obese mice (Figure 5G;
P < 0.05).

Discussion

While many naturally occurring compounds have been
explored for their potential anti-obesity and anti-diabetic

properties, the ones with both strong hypoglycemic and anti-
obesity activities are rarely discovered. In the present study, we
found for the first time that an olive-derived small molecule EA
exerts potent glucose-lowering activity while also suppressing
food intake and BW gain in DIO mice. On a cellular level, EA
directly stimulates intestinal L-cells to release GLP-1 and PYY.
Therefore, EA could be a potent dual-action, anti-diabetic and
anti-obesity compound.

Secretion of GLP-1 and PYY from L-cells in the intestine
is increased in response to ingested macronutrients, primarily
fatty acids (31, 32, 39), although glucose (40, 41), some amino
acids, and dietary fibers (42) may also induce hormone release.
In addition, a variety of neurotransmitters and neuropeptides
released by the enteric nervous system and enteroendocrine
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FIGURE 4

Elenolic acid (EA) is a potent anti-diabetic agent in high-fat diet (HF)-induced obese mice. C57BL6 mice (8 weeks old, male) were fed either a
SD or a HF for 10 weeks, followed by treatment with EA (50 mg/kg/d) or vehicle via oral gavage for 2 weeks. Fasting blood glucose (FBG) (A) and
non-fasting blood glucose (NFBG) (B) were measured once per week. Blood glucose levels during IPGTT (1.5 g glucose/kg) (C) and the area
under the curve (AUC) was calculated (D). Data are Mean ± SE (n = 8). ∗p < 0.05, and ∗∗p < 0.01 vs. SD-fed mice; #p < 0.05; and ##p < 0.01 vs.
high-fat-diet (HF) alone-fed mice.

cell types, such as acetylcholine (43) and gastrin-releasing
peptide (44), have been implicated in the regulation of GLP-
1 secretion. However, no therapeutic strategy based on these
stimuli has been successfully developed for treating T2D. While
GLP-1-based drugs are effective for treating T2D, there are
safe concerns that these drugs may induce gastrointestinal
adverse events (45) and acute gallbladder disease (46). In
addition, GLP-1 analogs are not potent in BW control and do
not mimic endogenous GLP-1 secretory pattern in response
to a meal intake (47). In the present study, we sought to
identify agents to induce both endogenous GLP-1 and PYY
secretion, thereby providing a safe and alternative strategy for
obesity and T2D management. We provide strong evidence
from studies of cells, intestinal tissues, and mice that EA
is a novel GLP-1 and PYY secretagogue. We then found
that acute administration of EA greatly improved glucose
disposal in response to glucose challenge. Interestingly, acute
administration of EA had no effect on glucose excursion
of lean mice during glucose tolerance test, which is in line
with some previous findings (48, 49) but not others (50,

51) from examining GLP-1 analogs. The lean mice used
in the present study are young adult that are metabolically
healthy with presumably stronger counterregulatory response
to hyperglycemia as compared with obese mice. It is possible
that EA-induced GLP-1 secretion and subsequent increase
in circulating insulin didn’t reached levels high enough to
significantly reduces blood glucose in lean mice under glucose
loading. Indeed, it was found that at least 10 pM/L of GLP-
1 analogs in the blood is required for achieving significant
glucose lowering effect in lean mice (52). Nevertheless, using
DIO mouse models, we show that EA treatment for 2 weeks
already nearly reversed metabolic abnormalities caused by long-
term feeding with HFD in obese mice consistent with expected
metabolic effects of GLP-1 and PYY, thus providing evidence
that this agent may have substantial therapeutic potential for
T2D. However, it should be noted that this is only a short-term
treatment (due to limited quantity of EA generated in our lab
at that time) using a DIO mice that are insulin resistant and
glucose intolerant, but are not overt diabetic. Therefore, the
persistence and efficacy of EA in in treating obesity and diabetes
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FIGURE 5

Elenolic acid (EA) promotes weight loss and reverses obesity-associated biochemical alterations. Weekly body weight (A) and cumulative food
intake (B) of obese mice on the vehicle or EA treatment for 2 weeks as described in Figure 5. Body composition was measured at the end of the
experiment (C). Effects of EA treatment for 2 weeks on fasting plasma leptin (D), insulin (E), triglyceride (F), and free fatty acid [(G), FFA] levels in
obese mice as measured using ELISA kits. Data are Mean ± SE (n = 8). ∗p < 0.05, and ∗∗P < 0.01 vs. SD-fed mice; #P < 0.05; and ##p < 0.01 vs.
high-fat-diet (HF) alone-fed mice.

need to be confirmed through a long-term study using overt
obese diabetic rodent models.

The EA dose (50 mg/kg/day via gavage) used in this study
is likely pharmacological, as it may be impossible to get this
amount of EA by dietary intake of olive products, given that
the content of EA in mature olives is 7–12 mg/g dry weight,
and 5–22 mg/kg in extra olive oil (53, 54). We chose this
dose of EA, which is equivalent to dietary intake of about
243 mg/day for a 60 kg human as calculated according to an
allometric scaling method for converting doses between species

(55), because it is within the dosage range of previously tested
various bioactive compounds in mouse studies as well as in
clinical trials. However, the optimal dose and its safety profile
are still unknown, which can be identified by determining
the dose-effect relationship in combination with evaluating its
pharmacokinetics.

One of the most interesting observations from this study
is that EA elicited robust reductions in food intake. While
several naturally occurring compounds have been reported to
change food palatability due to their bitter taste (56), which
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may modulate the reward system in the brain, thereby affecting
food intake (57), we believe that EA suppression of food intake
should not be secondary to the induction of taste aversion,
given that EA was administered via oral gavage, resulting in
the direct passage of EA to the stomach without inducing
taste in the mouth. Rather, EA regulation of food intake is
at least partially executed through stimulated release of the
metabolic hormones from the gut. Food intake is controlled
primarily by a variety of orexigenic and anorexigenic signals
that are integrated in the hypothalamus. It was recently found
that the GLP-1 receptor is expressed in several brain regions
such as the paraventricular nucleus (PVN) and the arcuate
nucleus (ARC) of the hypothalamus, and that GLP-1 targets
control circuits in these regions to induce satiety and reduce
food intake (58). PYY is an anorectic hormone that regulates
gut mobility and directly suppresses appetite in the brain
via an Y2 receptor-mediated pathway (16). It was found that
mice deficient in PYY are hyperphagic and obese while PYY
replacement restored their lean phenotype (15). In addition,
PYY may also promote β-cell function and survival (59), thereby
contributing to maintaining glucose homeostasis. In addition
to stimulating GLP-1 secretion in vitro and in vivo, we found
that EA also greatly increased circulating PYY in mice and
directly stimulated PYY release from cultured L-cells, which
should be a major contributing factor for the hypophagic
and anti-obesity effects of EA treatment. Previous studies
show that GLP-1 and PYY synergistically inhibit appetite in
mice (16) and humans (17, 18), suggesting that simultaneous
activation of these gut hormones might work additively to
provide better metabolic outcomes than those achieved by
GLP-1 or its receptor agonist alone. Thus, it is intriguing to
test in the future whether EA could be potentially a more
effective anti-diabetic and anti-obesity agent than some of
the currently prescribed monotherapeutic drugs such as DPP4
inhibitors, metformin, and GLP-1 analogs. In addition, as
several other intestinal hormones secreted in response to meal
ingestion, such as glucose-dependent insulinotropic polypeptide
(60) and cholecystokinin (61), also play a role in promoting
satiety, studies of transgenic mouse models combined with
analyses of hypothalamic pathway controlling food intake are
needed to determine whether EA regulation of food intake
and body weight is exclusively mediated via GLP-1 and PYY-
mediated mechanisms.

In the present study, we performed a series of experiments
in vitro with the results indicating that EA activation of
GLP-1 secretion is mediated via the PLC/IP3/Ca2+ signaling
pathway, and that Gαq activation in cell membranes is upstream
of the PLC signaling and GLP-1 secretion elicited by EA.
Cell membrane-associated G-proteins are typically activated
by GPCRs. Previous studies demonstrated that the secretion
of GLP-1 is largely regulated via GPCRs (62), which signal
primarily through Gαq, leading to activation of PLC/Ca2+

signaling. Therefore, it is tempting to speculate that EA-
triggered signaling in L-cells may be transmitted via a Gαq-
coupled receptor. In that regard, it is possible that EA binds to
the short chain fatty acid (SCFA) receptors, which are coupled
to Gαq to mediate SCFA-induced GLP-1 secretion from L-cells
(32, 63). It was suggested that the binding of SCFAs to their
receptors depends on the carboxylic acid group (64), and EA
is also a carboxylic acid. In this study, we did not explore the
mechanism by which EA stimulates PYY secretion. It was shown
that activation Gαq/PLC/Ca2+ signaling in L-cells elicited both
GLP-1 and PYY secretion (63), suggesting that EA stimulation of
PYY secretion could also be mediated by this signaling pathway.
However, our data show that EA at 1 µM stimulated GLP-1
secretion, whereas it was inactive at this dose in inducing PYY
secretion. It is presently unclear whether this discrepancy is
due to different L-cell lines used for GLP-1 (GLUTag mouse
L-cells) and PYY (human NCI-H716 L-cells) secretion assays or
different mechanisms involved, which remain to be determined.

In conclusion, we found for the first time that EA
is a novel agent with potent anti-diabetic and anti-obesity
effects in mouse models of obesity and T2D, which were
associated with increased secretion of GLP-1 and PYY. These
metabolically important hormones may act additively, resulting
in more effective metabolic control. Mechanistically, EA directly
induces incretin hormone secretion from intestinal L-cells via
a Gαq/PLC-mediated mechanism (Supplementary Figure 2).
Further studies are still needed to uncover the exact mechanism
by which EA regulates food intake, which may play a significant
role in its blood glucose lowering and anti-obesity effects.
The outcomes from this research could lay the foundation for
developing approaches using this small molecule for safe and
effective treatment of both obesity and T2D.
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Identifying functional brown adipose tissue (BAT) has provided new hope

for obesity treatment and prevention. Functional BAT includes classical BAT

and brown-like adipose tissue converted from white adipose tissue. By

promoting thermogenesis (i.e., heat production) via uncoupling protein 1

(UCP1), functional BAT can increase energy expenditure and aid obesity

treatment and prevention. Naringenin (NAR) is a flavanone primarily found in

citrus fruits. NAR has been reported to decrease body weight, increase energy

expenditure in treated mice, and promote browning in human adipocytes.

Here, we examined the effects of NAR on 3T3-L1 adipocytes’ browning and

β-adrenergic agonist isoproterenol (ISO)-stimulated thermogenic activation

and classical murine brown adipogenesis. In addition, we demonstrated the

signaling pathways and involvement of peroxisome proliferator-activated

receptor gamma (PPARγ) in the process. We found that NAR did not increase

Ucp1 mRNA expression at the basal (i.e., non-ISO stimulated) condition.

Instead, it enhanced Ucp1 and Pgc-1α up-regulation and thermogenesis

under ISO-stimulated conditions in 3T3-L1 adipocytes. NAR promoted protein

kinase A (PKA) activation and phosphorylation of p38 MAPK downstream of

ISO stimulation and activated PPARγ. Pharmacological inhibition of either

PKA or p38 and PPARγ knockdown attenuated Ucp1 up-regulation by

NAR. Moreover, NAR promoted brown adipogenesis by increasing lipid

accumulation, brown marker expression, and thermogenesis in murine brown

adipocytes, which was also attenuated by PPARγ knockdown. Together, our
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results suggest that NAR may promote the development of functional BAT

in part through PPARγ activation. NAR’s role in combating human obesity

warrants further investigation.

KEYWORDS

naringenin, browning, brown adipogenesis, PPARγ, citrus flavanone

Introduction

Obesity has become a pandemic across the globe over
the past decades. In addition to well-recognized higher
risks of developing many chronic diseases, such as diabetes,
cardiovascular diseases, and some types of cancer (1), obesity
is also associated with increased severity and mortality
of coronavirus disease (COVID-19), an ongoing pandemic
infectious disease caused by SARS-CoV-2 virus (2, 3).

White adipose tissue (WAT) and brown adipose tissue
(BAT) contribute to energy homeostasis. BAT is responsible for
non-shivering thermogenesis via uncoupling protein 1 (UCP1),
leading to energy expenditure. In addition, animal and in vitro
studies have demonstrated inducible brown-like adipocytes,
also known as beige adipocytes, in WAT. These brown-
like adipocytes can be generated by β-adrenergic stimulation
from cold exposure or synthetic β-adrenergic receptor (β-
AR) agonists (4–6). Activation of peroxisome proliferator-
activated receptor gamma (PPARγ) by its agonists, such as
rosiglitazone (ROSI), also promotes browning and enhances
thermogenic activation induced by β-adrenergic stimulation
(7–10). It is well recognized that functional BAT, including
classical brown and brown-like adipose tissue, exists in humans
(11–14). Their mass or activities negatively correlate with body
mass index, total, or visceral fat mass (15), blood glucose, and
HbA1c levels (16). Moreover, cold exposure or daily intake of
capsinoids increases BAT activation and energy expenditure and
decreases body fat mass in human subjects (17). Therefore,
strategies that promote functional BAT are promising for
combating human obesity.

Naringenin (4′,5,7-trihydroxyflavanone, NAR), a flavanone
commonly found in citrus fruits, has been reported with
many beneficial health effects, including anti-inflammatory,
anti-oxidative, and anti-carcinogenic effects (18–22). In
addition, NAR was reported to activate PPARγ and other
nuclear receptors (23). PPARγ activation by its agonist
enhances both browning and brown adipogenesis (24,
25). Therefore, it is conceivable that NAR may induce
browning and brown adipogenesis to confer anti-obesity
benefits. Indeed, NAR decreased body weight with increases
in energy expenditures in both chow-fed lean and high-
fat diet-fed obese Ldlr-/-mice (26, 27) and reversed the

attenuation of Ucp1 mRNA expression in the BAT by a high-fat
diet in rats (28). Consistently, NAR induced thermogenic
UCP1, PGC1α, and PGC1β expression in human white
adipocytes (29). However, the direct effects of NAR on
thermogenic activation by a β-adrenergic agonist in brown-
like adipocytes and classical brown adipogenesis remain
unknown, and the underlying molecular mechanisms are not
completely understood.

In this report, we examined the effects of NAR on browning
and thermogenic activation by isoproterenol, a β-adrenergic
receptor agonist, in 3T3-L1 white adipocytes and classical brown
adipogenesis in murine brown pre-adipocytes. We further
explored the molecular pathways by which NAR promotes
thermogenic activation and the role of PPARγ in the process.

Materials and methods

Reagents

Naringenin, ROSI, insulin, 3-isobutyl-L-methylxanthine,
dexamethasone, and isoproterenol (ISO) were from
MilliporeSigma (St. Louis, MO, USA). Calf serum (CS)
was purchased from Hyclone (Logan, UT, USA), and
fetal bovine serum (FBS) was purchased from Bio-techne
(Minneapolis, MN, USA). The pharmacological inhibitors for
p38 (SB203580) and PKA (H-89) were from Tocris Bioscience
(Ellisville, MI, USA). Anti-phospho-p38 (Thr180/Tyr182)
(Catalog# 9211, RRID:AB_331641), anti-p38 (Catalog#
9212, RRID:AB_330713), and anti-ERK1/2 (Catalog# 4695,
RRID:AB_390779) antibodies and horseradish peroxidase-
conjugated goat anti-rabbit were from Cell Signaling
Technology (Danvers, MA, USA). Anti-UCP1 (Catalog#
U6382, RRID:AB_261838) was purchased from Sigma Aldrich
(St. Louis, MO, USA); Anti-PGC1α antibody (Catalog# AB3242,
RRID:AB_2268462) was purchased from Millipore (Temecula,
CA, USA). Other reagents, if not specified, were purchased
from MilliporeSigma.

Naringenin was dissolved in dimethyl sulfoxide (DMSO) to
make 50 mM stock, followed by dilution in DMSO to make
0, 5, 10, and 20 mM stocks for treatment. The final DMSO
concentration in the cell culture medium was 0.1% (v/v).
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Cell culture and treatment

Murine 3T3-L1 cells were grown in DMEM containing 10%
calf serum at 37◦C humidified incubator with 5% CO2. The cells
were differentiated as described (30). Briefly, at the confluence
(day 0), the cells were induced to differentiate in DMEM
containing 10% FBS, 0.5 mM/L 3-isobutyl-1-methylxanthine,
1 µM/L dexamethasone, and 10 µg/mL insulin for 3 days,
followed by DMEM containing 10% FBS and 10 µg/mL of
insulin for 2 days. The cells were then kept in DMEM containing
10% FBS until day 7, when the cells were fully differentiated.

To study NAR’s effects, 3T3-L1 cells were differentiated in
the presence or absence of various doses of NAR from day 0.
Fresh NAR was replaced at each change of the media. ROSI
(1 µM) served as a positive control. On day 7, the cells were
treated with isoproterenol (ISO, 1 µM) or the vehicle control
(H2O) for 6 h for mRNA analysis or 24 h for protein analysis.
In a separate experiment, the cells were pre-treated with the
pharmacological inhibitor of PKA (H-89), p38 (SB203580), or
the vehicle control (DMSO) for 1 h before ISO treatment, as
indicated in the figure legends.

Murine primary stromal cells were isolated from the
white fat pads (both the subcutaneous and epididymal fat)
of C57BL/6 J male mice (12 weeks old) and differentiated as
described with modification (31). The animal study has been
approved by the University of Tennessee Knoxville Institutional
Animal Care and Use Committee under animal protocol 2,320.
After reaching confluence (day 0), the primary stromal cells
were differentiated in DMEM containing 10% FBS, 1 µM/L
dexamethasone, 0.5 mM/L 3-isobutyl-1-methylxanthine and
10 µg/mL insulin for 7 days, followed by DMEM containing
10% FBS for another 7 days. NAR (10 µM) or the vehicle control
(DMSO) was added to the media from day 0. The treatments
were replaced at each change of media.

Murine brown pre-adipocyte cell line was a gift from Dr.
Klein (32). Murine brown pre-adipocytes were grown in DMEM
containing 20% FBS until they reached confluence (day 0).
The cells were differentiated in DMEM containing 20% FBS,
1 nM T3, and 20 nM insulin (differentiation media) for 6 days,
with media change every 2 days. To study NAR’s effects, NAR
(10 µM), the vehicle control (DMSO), or ROSI (1 µM, a positive
control) were added to the media from day 0. The treatments
were replaced at each change of media.

Peroxisome proliferator-activated
receptor gamma knockdown
(PPARγ-KD)

3T3-L1 with PPARγ-KD or a scrambled non-targeting
control have been described elsewhere (33). Murine brown
pre-adipocytes with PPARγ-KD or a scrambled non-targeting
control were generated by lentiviral shRNA infection. Briefly,
murine brown pre-adipocytes were plated at ∼50% confluence

in a 6-well plate overnight. The cells were then infected with
MISSION lentiviral shRNA transduction-ready particles against
mouse Pparg or a scrambled non-targeting control according
to the manufacturer’s instructions (MilliporeSigma). Stably
infected cells were selected by puromycin for 2 weeks.

Protein kinase A activity

On day 7, 3T3-L1 adipocytes treated with NAR (10 µM), the
vehicle control, or ROSI (1 µM) were serum starved with 0.25%
FBS containing DMEM for 1 h. Then the cells were treated with
ISO (1 µM) or the vehicle control (H2O) for an additional 6 h.
Protein kinase A (PKA) activities were measured from total cell
lysates using the DetectX PKA activity kit (Arbor Assays, Ann
Arbor, MI, USA) according to the manufacturer’s instructions.

Western blot analysis

Total cell lysates were prepared with lysis buffer (Cell
Signaling, Danvers, MA, USA). Protein concentrations were
measured by a BCA assay kit (Thermo Fisher Scientific,
Waltham, MA, USA). Total cell lysates were subjected to
10% SDS-PAGE and transferred overnight to polyvinylidene
difluoride membranes (Bio-Rad, Hercules, CA, USA). The
membranes were blocked in 137 mM NaCl, 20 mM Tris·HCl,
and 0.1% Tween 20 (pH 7.4) solution with 5% non-fat milk,
followed by immunoblotting with primary antibodies at 4◦C
overnight and secondary antibody conjugated with horseradish
peroxidase for 1 h. ERK1/2 served as the loading control for
Figures 1, 6, 7, as previously reported (32–34). The signals were
produced by incubating the membranes with ECL Western blot
detection reagents (GE Healthcare, Piscataway, NJ, USA) and
captured by X-ray films or ChemiDoc Imaging Systems (Bio-
Rad, Hercules, CA, USA). The membranes were stripped in the
stripping buffer (100 mM 2-mercaptoethanol, 62.5 mM Tris-
HCl, and 2% SDS) for 10 min at 50◦C and re-probed with
different antibodies.

Total RNA isolation and
semi-quantitative reverse-transcription
PCR analysis

Total RNA was isolated with TRI reagent (Molecular
Research Center, Cincinnati, OH, USA) according to the
manufacturer’s instructions. Total RNA abundance was
measured by a NanoDrop ND-1,000 spectrophotometer
(NanoDrop Technologies, Wilmington, DE, USA). Reverse
transcription was performed using a High Capacity cDNA
Reverse Transcription kit (Thermo Scientific, Waltham, MA,
USA) according to the manufacturer’s instructions. Analysis of
mRNA expression of the target genes and the housekeeping gene
36b4 [encodes acidic ribosomal phosphoprotein P0 (RPLP0)]
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were carried out using Absolute Blue QPCR SYBR Green ROX
mix (Thermo Fisher Scientific, Waltham, MA, USA). PCR
reactions were carried out in 96-well plates in an ABI 7300HT
instrument. The conditions were set at 50◦C 2 min and 95◦C

15 min, followed by 40 cycles of 95◦C 15 s/60◦C 1 min. Relative
gene expression was calculated using the 2−11Ct method (35),
which normalizes against 36b4. The primer sequences were
reported in our previous study (25).

FIGURE 1

Naringenin dose-dependently enhances UCP-1 expression in isoproterenol (ISO)-stimulated 3T3-L1 adipocytes. 3T3-L1 cells were differentiated
in the presence or absence of NAR (5, 10, 20 µM) for 7 days. ROSI (1 µM) was included as a positive control. On day 7, the cells were stimulated
with isoproterenol (ISO, 1 µM) or the vehicle control (H2O) for 6 h for mRNA analysis or 24 h for protein analysis. (A) A diagram of the cell
treatment and timeline. As described in the Materials and Methods, DMEM + 10% FBS + DMI refer to DMEM containing 10% FBS, 0.5 mM/L
3-isobutyl-1-methylxanthine, 1 µM/L dexamethasone, and 10 µg/mL insulin. DEME + 10% FBS + I refer to DMEM containing 10% FBS and
10 µg/mL insulin. DMEM + 10% FBS refer to DMEM containing 10% FBS. (B,C) Relative mRNA levels of Ucp1, Pgc1α, and Pparγ at the basal (B)
and ISO-stimulated conditions (C). mRNA expression is presented relatively to the loading control 36b4. (D) Protein expression of UCP1, PGC1α,
and the loading control ERK1/2. Bar graphs show the densitometry of each protein to the loading control ERK1/2. Data = Mean ± SEM (n = 3).
*, **, ***p < 0.05, p < 0.01, and p < 0.001 compared to the 0 µM NAR (i.e., DMSO) samples, respectively (B–D). #, ###p < 0.05, p < 0.001
compared to the non-ISO stimulated (–) samples, respectively (C,D).
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Reporter gene assays

3T3-L1 cells were seeded at 2.5 × 10 (4) per well in 24-well
plates overnight. The following day, the cells were transiently
transfected with either PPRE X3-TK-Luc, a PPAR response
element driven luciferase reporter, a gift from Dr. Bruce
Spiegelman (Addgene plasmid # 10151; RRID:Addgene_1015)
(36) or murine PPARγ trans-activation reporters that include
murine PPARγ ligand binding domain (LBD) linked to the Gal4
DNA binding domain (DBD) (mPPARγ-Gal4) and a reporter
with an upstream activating sequence linked to luciferase,
4xUAS-TK-Luc (TK: thymidine kinase) (37) and β-galactosidase

1 http://n2t.net/addgene:1015

(β-gal) plasmid with Fugene HD transfection reagent (Promega,
Madison, WI, USA). The cells were then treated with NAR,
DMSO, or ROSI for 18 h. Luciferase and β-gal activities were
measured from the cell lysates with GloMax Multi Detection
System (Promega, Madison, WI, USA). Relative luciferase
activities were presented by normalizing the luciferase activities
with β-gal activities.

Cellular bioenergetics measurements

3T3-L1 cells were differentiated in the presence or absence
of NAR (10 µM) or ROSI (1 µM) for 6 days before they were
seeded at 20,000 cells per well into XFe24 assay plates in DMEM
containing 10% FBS overnight. Murine brown pre-adipocytes

FIGURE 2

Naringenin enhances basal and isoproterenol (ISO)-stimulated up-regulation of Ucp1 mRNA expression in primary white adipocytes
differentiated from mice white fat-derived stromal cells. Mice white fat-derived primary stromal cells were induced to differentiate in the
presence or absence of NAR (10 µM) or ROSI (1 µM) for 14 days. On day 14, the cells were stimulated with ISO (1 µM) or the vehicle control for
6 h for mRNA analysis. (A) A diagram of the cell treatment and timeline. As described in the Materials and Methods, DMEM + 10% FBS + DMI
refer to DMEM containing 10% FBS, 0.5 mM/L 3-isobutyl-1-methylxanthine, 1 µM/L dexamethasone, and 10 µg/mL insulin. DMEM + 10% FBS
refer to DMEM containing 10% FBS. (B,C) Relative mRNA levels of Ucp1, Pgc1α, and Pparγ at the basal (B) and ISO-stimulated conditions (C).
mRNA expression is presented relatively to the loading control 36b4. Data = Mean ± SEM (n = 3). *, **, ***p < 0.05, p < 0.01, and p < 0.001
compared to the DMSO samples, respectively (B,C). ###p < 0.001 compared to the non-ISO stimulated (–) samples (C).
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were differentiated in the presence or absence of NAR (10 µM)
or ROSI (1 µM) for 4 days before they were seeded at 20,000
cells per well into XFe24 assay plates in the differentiation
media overnight.

To start cellular bioenergetics measurements, cells were
washed three times with XF assay buffer (DMEM without
NaHCO3, 10 mM glucose, 2 mM pyruvate, and 2 mM
GlutaMAX, and 2% bovine serum albumin, pH 7.4). The cells
were then equilibrated at 37◦C in a non-CO2 incubator for 1 h
in the XF assay buffer. Oxygen consumption rates (OCR) were
measured in an XFe24 Extracellular Flux Analyzer (Agilent,
Santa Clara, CA, USA). To carry out mitochondria stress
tests, ISO (10 µM, only for 3T3-L1 adipocytes), oligomycin
(1 µM), carbonyl cyanide-ptrifluoromethoxyphenylhydrazone
(FCCP; 6.5 µM), rotenone/antimycin A (1 µM each) were
injected in sequential order, and three readings were taken after
each injection. OCR readings were recorded by XFe24 software.
OCR linked to proton leak and ATP production, coupling

efficiency, and maximal respiration were calculated according to
the manufacturer’s instructions.

Oil red O staining

Lipid accumulation in the differentiated brown adipocytes
was assessed by oil red O (ORO) staining and ORO absorbance,
as described (25).

Statistical analysis

All data are shown as mean ± SE. Triplicates were
performed in each experiment. Statistical analysis was
conducted using Prism 9.3.0 (GraphPad Software, San
Diego, CA, USA). One-way ANOVA with repeated measures
followed by multiple comparisons test (Student-Newman-Keuls

FIGURE 3

Naringenin enhances protein kinase A (PKA) activation and phosphorylation of p38 MAPK required for Ucp1 up-regulation in isoproterenol
(ISO)-stimulated 3T3-L1 adipocytes. 3T3-L1 cells were differentiated in the presence or absence of NAR (10 µM) or ROSI (1 µM) for 7 days. On
day 7, the cells were stimulated with ISO (1 µM) or the vehicle control for 6 h for PKA activity analysis (A) or 1 h for analysis of phosphorylation of
p38 (B). In a separate experiment, the cells were pretreated with the pharmacological inhibitors of PKA (H-89) and p38 (SB203580) or the
vehicle control (DMSO) for 1 h before ISO stimulation for 6 h for mRNA expression analysis (C). (A) PKA activity. (B) p38 phosphorylation analysis.
(C) Effects of PKA and p38 inhibitors on ISO-stimulated Ucp1 up-regulation by NAR. Ucp1 mRNA expression is presented relatively to the
loading control 36b4. Data = Mean ± SEM (n = 3). ###p < 0.001 compared to the non-ISO stimulated (–) samples (A). *, **, ***p < 0.05,
p < 0.01, and p < 0.001 compared to the ISO-stimulated time 0 (B) or DMSO samples (C) within each group, respectively. aa and aaa, p < 0.01
and p < 0.001 compared to the DMSO group, respectively, by two-way ANOVA (B,C).
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method) was used to detect significant differences in group
mean between the treatment groups or between time points.
Two-way ANOVA was used to detect differences between
treatment groups. Student’s t-tests were used as needed. The
level of significance was set at p < 0.05.

Results

Naringenin dose-dependently
enhances uncoupling protein 1
expression in isoproterenol-stimulated
white adipocytes

To examine the effects of NAR on browning, 3T3-L1 cells
were differentiated in the presence of increasing concentrations

of NAR (5, 10, 20 µM) or its vehicle control DMSO. ROSI
served as a positive control (Figure 1A). At basal (i.e., non-
stimulated) condition (Figure 1B), ROSI induced mRNA
expression of established brown specific markers Ucp1, Pgc1α,
and suppressed Pparγ mRNA expression, as reported (9). In
contrast, NAR did not change the mRNA expression of Ucp1,
Pgc1α, and Pparγ when used up to 20 µM at the basal
condition (Figure 1B). When stimulated with ISO, NAR dose-
dependently enhanced ISO-induced Ucp1 mRNA expression
(Figure 1C). Similar effects were seen in Pgc1α, but not Pparγ
(Figure 1C). ROSI also significantly enhanced ISO-induced
Ucp1 and Pgc1α up-regulation but suppressed Pparγ mRNA
expression (Figure 1C). Consistently, NAR dose-dependently
increased UCP1 and PGC1α protein expression in ISO-
stimulated 3T3-L1 adipocytes (Figure 1D and Supplementary
Figure 1A).

FIGURE 4

Naringenin activates PPRE and peroxisome proliferator-activated receptor gamma (PPARγ) reporters, and peroxisome proliferator-activated
receptor gamma (PPARγ) knockdown attenuates the up-regulation of Ucp1 mRNA expression by naringenin in isoproterenol (ISO)-stimulated
3T3-L1 adipocytes. (A,B) Effects of NAR on PPAR activation. 3T3-L1 cells were transiently transfected with PPRE-Luc (A) or murine PPARγ

trans-activation reporter and the β-gal control plasmid (B) as described. Then the cells were treated with NAR, ROSI, or DMSO for 18 h, and the
reporter activities were measured. Relative luciferase activities were calculated and presented as a fold with the DMSO sample set as 1.
(C) Effects of PPARγ knockdown on ISO-stimulated Ucp1 up-regulation by NAR. 3T3-L1 cells with PPARγ knockdown (PPARγ-KD) and a
scrambled non-targeting control (SCR) were differentiated in the presence or absence of NAR (10 µM) or ROSI (1 µM) for 7 days. On day 7, the
cells were stimulated with ISO (1 µM) for 6 h for mRNA analysis. Ucp1 mRNA expression is presented relatively to the loading control 36b4.
Data = Mean ± SEM (n = 3). *, **, ***p < 0.05, p < 0.01, and p < 0.001 compared to the DMSO samples (A,B) or ISO-stimulated DMSO samples
(C), respectively. aa, p < 0.01 compared to the SCR control group by two-way ANOVA (C).
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Since it has been reported that the physiologically achievable
serum level of NAR in human subjects is ∼8 µM (38), we,
therefore, focused our studies on NAR at 10 µM. We further
examined the effects of NAR on murine primary stromal cells
derived from white fat pads from C57BL/6 J mice. Primary
stromal cells derived from the mice white fat pads were
differentiated in the presence or absence of NAR (10 µM) or
ROSI for 14 days (Figure 2A). NAR significantly increased
Ucp1 mRNA expression at the basal condition (Figure 2B)
and enhanced ISO-stimulated up-regulation of Ucp1 and Pparγ
mRNA in these primary adipocytes (Figure 2C).

Naringenin enhances protein kinase A
activation and phosphorylation of p38
MAPK in isoproterenol-stimulated
3T3-L1 adipocytes

β-adrenergic activation induced by cold exposure increases
cAMP levels, leading to activation of PKA and downstream
p38 MAPK phosphorylation and, consequently, UCP1 protein
expression in brown adipocytes (39). To understand the
molecular mechanisms by which NAR increases ISO-stimulated
UCP1 expression in 3T3-L1 adipocytes, we explored the effects

FIGURE 5

Naringenin enhances mitochondrial respiration and uncoupling in isoproterenol (ISO)-stimulated 3T3-L1 adipocytes. (A–D) 3T3-L1 cells were
differentiated in the presence or absence of NAR (10 and 20 µM) or ROSI (1 µM) for 6 days. Then the cells were reseeded at 20,000 per well into
an XFe24 assay plate. After 24 h, the cells were subjected to real-time OCR measurements using an XFe24 Extracellular Flux Analyzer. ISO was
injected after three basal OCRs were taken, followed by oligomycin, FCCP, and rotenone/antimycin A injections as described. OCR linked to
proton leak (A) and ATP production (B), coupling efficiency (C), and maximal respiration (D) were calculated and presented. Data = Mean ± SEM
(n = 3–7). *, **, ***p < 0.05, p < 0.01, and p < 0.001 compared to the 0 µM NAR sample, respectively.
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of NAR on PKA activation and p38 phosphorylation in ISO-
stimulated 3T3-L1 adipocytes (Figure 3). ISO stimulation
led to ∼3-fold increase of PKA activities, compared with
the non-stimulated controls (Figure 3A). Both NAR and
ROSI significantly enhanced PKA activation induced by ISO
(Figure 3A).

We further examined p38 phosphorylation downstream
of PKA activation in ISO-stimulated 3T3-L1 adipocytes
(Figures 3B,C). As shown, ISO induced a peak of p38
phosphorylation at 15 min upon the stimulation in the
control (DMSO treated) cells (Figure 3B). In contrast, p38
phosphorylation was significantly higher at time 0 but gradually

decreased upon the stimulation in the NAR treated cells. ROSI
induced the highest p38 phosphorylation at time 0 and a small
peak at 30 min upon the stimulation in 3T3-L1 adipocytes
(Figure 3B).

To examine whether PKA/p38 pathways underlie ISO-
stimulated Ucp1 up-regulation by NAR, we employed PKA
and p38 pharmacological inhibitors. The PKA inhibitor H-89
blocked Ucp1 mRNA expression at the basal condition and the
up-regulation induced by NAR and ROSI (Figure 3C). The p38
inhibitor SB203580 also significantly attenuated the basal as well
as NAR- and ROSI-induced, Ucp1 mRNA expression, although
to a less extent compared to H-89 (Figure 3C).

FIGURE 6

Naringenin promotes brown adipogenesis and thermogenic protein expression in murine brown adipocytes. Murine brown pre-adipocytes
were differentiated in the presence or absence of NAR (10 µM) or ROSI (1 µM) for 6 days. (A) A diagram of the cell treatment and timeline. (B) Oil
red O (ORO)-stained cell morphology and ORO absorbance. Scale bar = 100 µm. (C) Protein expression of thermogenic genes UCP1, PGC1α,
and the loading control ERK1/2. Bar graphs show the densitometry of each protein normalized to the loading control ERK1/2.
Data = Mean ± SEM (n = 3). *, **, ***p < 0.05, p < 0.01, and p < 0.001 compared to the DMSO samples, respectively.
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Naringenin enhances Ucp1 mRNA
expression in isoproterenol-stimulated
3T3-L1 adipocytes through
peroxisome proliferator-activated
receptor gamma activation

It has been reported that as one of the downstream targets
of the PKA/p38 pathway, PPARγ interacts with PGC1α and
activates the PPRE site in the Ucp1 promotor, leading to Ucp1

transcription (39, 40). To understand whether NAR’s effects
were specifically mediated through PPARγ in 3T3-L1 pre-
adipocytes, we first performed reporter gene assays. At 10 µM,
NAR activated PPRE-Luc reporter by ∼2-fold, whereas ROSI
activated the reporter by ∼3.5-fold compared to the controls
(Figure 4A). Moreover, NAR at the same concentration trans-
activated PPARγ via its ligand binding domain in 3T3-L1

cells (Figure 4B), consistent with the previous report (23).
Furthermore, using 3T3-L1 with PPARγ knockdown (PPARγ-
KD) and the scrambled non-targeting control (SCR) we have
generated (25), we found that ISO-induced Ucp1 mRNA
expression was significantly enhanced by NAR or ROSI in the
SCR cells but was significantly attenuated in PPARγ-KD cells
(Figure 4C).

Naringenin enhances
isoproterenol-stimulated
mitochondrial respiration and
uncoupling in 3T3-L1 adipocytes

To determine whether UCP1 up-regulation by NAR upon
ISO stimulation leads to increases in mitochondrial respiration

FIGURE 7

Attenuation of thermogenic protein expression by peroxisome proliferator-activated receptor gamma (PPARγ) knockdown in
naringenin-treated murine brown adipocytes. (A) Knockdown efficiency in murine brown pre-adipocytes with PPARγ knockdown (PPARγ-KD)
compared to the cells with a scrambled non-targeting control (SCR). Two individual clones were analyzed. Average knockdown efficiency is
shown. (B) PPARγ-KD and SCR cells were differentiated in the presence or absence of NAR (10 µM) or ROSI (1 µM) for 6 days. Protein expression
of thermogenic markers UCP1, PGC1α, and the loading control ERK1/2 are shown. Bar graphs show the densitometry of each protein
normalized to the loading control ERK1/2. Data = Mean ± SEM (n = 3). *, **, ***p < 0.05, p < 0.01, and p < 0.001 compared to the SCR clones
(A) or the DMSO samples within SCR or PPARγ-KD group (B), respectively. aa and aaa, p < 0.01 and p < 0.001 compared to the SCR group,
respectively, by two-way ANOVA (B).

Frontiers in Nutrition 10 frontiersin.org

7978

https://doi.org/10.3389/fnut.2022.1036655
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/


fnut-09-1036655 November 5, 2022 Time: 16:8 # 11

Bae et al. 10.3389/fnut.2022.1036655

and uncoupling, we measured oxygen consumption rates
(OCR) in mitochondrial stress tests in 3T3-L1 adipocytes
that were differentiated in the presence of NAR, the vehicle
control, or ROSI using an XFe24 Extracellular Flux Analyzer
(Figure 5 and Supplementary Figure 1B). We found that
NAR dose-dependently enhanced OCR linked to proton
leak (i.e., uncoupling) (Figure 5A) and ATP production
(Figure 5B) and increased maximal OCR (Figure 5D)
while had no significant effects on coupling efficiency
(Figure 5C) in ISO-stimulated 3T3-L1 adipocytes. Note
that significant increases in OCR linked to proton leak
and ATP production by NAR were detected starting at
10 µM.

Naringenin promotes brown
adipogenesis and thermogenic protein
expression in murine brown adipocytes
through peroxisome
proliferator-activated receptor gamma

As a part of functional brown adipose tissue,
classical brown adipocytes are responsible for non-
shivering thermogenesis in response to cold, leading

to energy expenditure. However, despite the effects on
browning, the effects of NAR on brown adipogenesis
have not been reported. Here, we examined the effects
of NAR on brown adipogenesis in a murine brown
pre-adipocyte cell line. Murine brown pre-adipocytes
were differentiated in the presence or absence of NAR
or ROSI (Figure 6A). NAR at 10 µM significantly
enhanced brown adipogenesis as indicated by the oil red
O-stained cell morphology (Figure 6B left) and lipid
accumulation (Figure 6B right) and increased protein
expression of brown markers UCP1 and PGC1α (Figure 6C)
and other general differentiation markers PPARγ, fatty
acid binding protein 4 (FABP4), and perilipin (PLIN)
(Supplementary Figure 2A). We further assessed the
role of PPARγ in the process using the brown pre-
adipocytes with stable knockdown of PPARγ (PPARγ-KD)
and a scrambled non-targeting control (SCR). PPARγ-
KD reduced endogenous PPARγ protein expression by
∼60% (Figure 7A). While NAR at 10 µM significantly
increased UCP1 and PGC1α protein expression in the
SCR cells, it did not cause significant changes in the
PPARγ-KD cells (Figure 7B). ROSI’s effects were also
significantly attenuated in PPARγ-KD cells as expected
(Figure 7B).

FIGURE 8

Naringenin enhances mitochondrial respiration and uncoupling in murine brown adipocytes. (A–E) Murine brown pre-adipocytes were
differentiated in the presence or absence of NAR (10 and 20 µM) or ROSI (1 µM) for 4 days. Then cells were reseeded at 20,000 cells per well
into an XFe24 assay plate. After 24 h, the cells were then subjected to real-time measurements of OCR coupled with a mitochondrial stress test
using an XFe24 Extracellular Flux Analyzer as described. Basal OCRs (A), OCR linked to proton leak (B) and ATP production (C), coupling
efficiency (D), and maximal respiration (E) were calculated and presented. Data = Mean ± SEM (n = 3–7). *, **, ***p < 0.05, p < 0.01, and
p < 0.001 compared to the 0 µM NAR samples, respectively.
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Naringenin enhances mitochondrial
respiration and uncoupling in murine
brown adipocytes

To confirm that NAR also enhances mitochondrial
respiration and thermogenesis in parallel with its effects on
lipid accumulation and brown marker protein expression,
we measured OCR coupled with mitochondrial stress tests
in the murine brown adipocytes that were differentiated in
the presence or absence of NAR or ROSI using the XFe24
Extracellular Flux Analyzer (Figure 8). We found that there
were dose-dependent increases in the basal OCR (Figure 8A
and Supplementary Figure 2B), OCR linked to proton leak
(i.e., uncoupling) (Figure 8B) and ATP production (Figure 8C)
and maximal OCR (Figure 8E) and a decrease in the coupling
efficiency (Figure 8D) in brown adipocytes treated by NAR.
However, significant changes in those measures were found by
NAR at 20 µM only. As expected, ROSI significantly increased

similar changes in those measures but to a greater extent
compared to NAR at 20 µM (Figure 8).

Discussion

Functional brown adipose tissue has become a novel
target for obesity treatment and prevention. We report that
NAR enhances ISO-stimulated UCP1 expression, mitochondrial
respiration, and uncoupling in 3T3-L1 adipocytes. NAR
enhances ISO-stimulated PKA activation and phosphorylation
of p38, accompanied by PPARγ activation. Moreover, NAR
enhances murine brown adipogenesis and increases brown
adipocytes’ mitochondrial respiration and uncoupling. We
further demonstrate that PPARγ is required for enhanced Ucp1
expression in 3T3-L1 adipocytes and brown adipocytes by NAR.

3T3-L1 cells, a commonly used white fat cell model, have
been used to identify and characterize strategies to induce

FIGURE 9

Schematic diagram illustrating the proposed mechanisms by which naringenin enhances isoproterenol (ISO)-stimulated UCP1 expression in
3T3-L1 adipocytes. Upon ISO binding to the β-adrenergic receptor (AR), cAMP is produced through Gs-coupled adenylyl cyclase (AC), leading
to PKA activation. Through yet unknown steps, PKA activation results in p38 phosphorylation and subsequent phosphorylation and activation of
downstream targets, such as PGC1α. Activated PGC1α co-activates PPARγ on the PPRE site in the promoter of the Ucp1 gene, leading to
enhanced Ucp1 transcription. NAR enhances ISO-stimulated PKA activation and p38 phosphorylation and further activates PPARγ, leading to
increased Ucp1 up-regulation upon ISO stimulation in 3T3-L1 adipocytes.
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browning (41–47). To our knowledge, this is the first report that
NAR, a dietary bioactive compound, enhances ISO-stimulated
thermogenic activation (Ucp1 expression and mitochondrial
uncoupling) in 3T3-L1 adipocytes at 10 µM, a level that is
achievable through dietary consumption in human subjects
(38).

The hallmark of brown-like adipocytes is inducible UCP1
expression and thermogenesis upon β adrenergic stimulation,
such as cold exposure. As a β adrenergic receptor agonist,
ISO has been used to induce thermogenic activation in brown
(32, 48) and brown-like adipocytes (33, 41, 44, 48). It was
reported that ISO induced increases in Ucp1 mRNA expression
in 3T3-L1 adipocytes (41). Therefore, our findings are consistent
with the report and further highlight the browning capacity
of NAR as a dietary factor in enhancing ISO-stimulated Ucp1
expression in 3T3-L1 adipocytes. Moreover, we report that
NAR at 10 µM, a reported dietary achievable dose in human
subjects (29, 38), enhances Ucp1 mRNA expression at both
basal (non-ISO stimulated) and ISO-stimulated conditions
in the primary white adipocytes differentiated from stromal
cells isolated from mice white fat pads. These findings are
consistent with the reported increase of UCP1 expression by
NAR at the same dose in human white adipocytes under non-
ISO-stimulated conditions (29). The effects of NAR on ISO-
stimulated UCP1 up-regulation in human white adipocytes
were not reported in that study and, therefore, warrant further
investigation.

The findings that NAR does not induce Ucp1 mRNA
expression at the basal conditions but enhances Ucp1 expression
and mitochondrial uncoupling in response to ISO in 3T3-L1
adipocytes prompted us to investigate the mechanisms by which
NAR enhances ISO-stimulated Ucp1 up-regulation in these
adipocytes. Upon adrenergic stimulation by cold or other β-AR
agonists, cyclic AMP (cAMP) is produced through activated Gs
protein coupled-adenylyl cyclase (AC) associated with β-AR,
leading to PKA activation and subsequent p38 phosphorylation
and activation (49, 50). Activated p38 further phosphorylates
and activates target proteins, such as PGC1α [a coactivator of
PPARγ on the PPAR response elements (PPRE) site], leading
to up-regulation of Ucp1 transcription (39, 40; Figure 9). We
report, for the first time, that NAR at a dietary achievable
dose enhances ISO-stimulated PKA activation in 3T3-L1
adipocytes. Moreover, NAR-treated 3T3-L1 adipocytes have a
higher basal p38 phosphorylation before ISO stimulation. NAR
enhances PPARγ transactivation in 3T3-L1 cells. Furthermore,
we demonstrate that NAR’s effects on ISO-stimulated Ucp1
up-regulation are attenuated by the inhibition of PKA and
p38 and by PPARγ knockdown. Our results suggest that
NAR may act through PKA/p38/PPARγ pathway to enhance
ISO-stimulated Ucp1 up-regulation in 3T3-L1 adipocytes
(Figure 9).

As a well-known browning agent, ROSI is shown to
enhance PKA activation and basal p38 phosphorylation, leading
to up-regulation of ISO-stimulated Ucp1 transcription,

mitochondrial respiration, and uncoupling in 3T3-L1
adipocytes in our studies, consistent with a previous
report that demonstrated enhanced cAMP levels and
ISO-stimulated oxygen consumption in ROSI-treated
white adipocytes (10). Our results shed new light on the
mechanisms by which ROSI promotes the browning of white
adipocytes.

For the first time, we also report that, similar to ROSI,
NAR enhances brown adipogenesis with increased brown
marker gene expression and mitochondrial respiration and
uncoupling. We further demonstrate that PPARγ is required
for the increased UCP1 expression by NAR in the brown
adipocytes with PPARγ knockdown. Together, our results
suggest that NAR promotes the development of functional
brown adipocytes in vitro through PPARγ activation. Our
results may help explain the increased energy expenditure found
in NAR-treated mice (26, 27). However, whether there were
significant increases in functional BAT mass or activities in
those treated mice is unclear in those studies. Future studies
on how NAR supplementation increases energy expenditure
in vivo are warranted.

In conclusion, our results demonstrate that NAR at a
dietary achievable dose enhances ISO-stimulated UCP1 up-
regulation and mitochondrial respiration and uncoupling
in 3T3-L1 adipocytes, possibly through enhancement of
PKA/p38/PPARγ pathways downstream of ISO. Moreover,
NAR also enhances cellular brown adipogenesis through
PPARγ activation. Combined with other published reports,
our results suggest that NAR may be beneficial in promoting
the development of functional BAT. Further studies of
NAR in promoting thermogenesis and energy expenditure
to combat human obesity through enhancing functional
BAT are warranted.
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SUPPLEMENTARY FIGURE 1

The effects of Naringenin on UCP1 and PGC1α protein expression and
mitochondrial respiration under ISO-stimulated conditions in 3T3-L1
adipocytes. 3T3-L1 cells were differentiated in the presence or absence
of NAR (5, 10, 20 µM) for 7 days. ROSI (1 µM) was included as a positive
control. (A) The cells were stimulated with isoproterenol (ISO, 10 µM) or
the vehicle control (H2O) for 24 h. Protein samples were prepared, and
UCP1, PGC1α, and ERK1/2 protein expression are shown. (B) The cells
were reseeded at 20,000 per well into an XFe24 assay plate. After 24 h,
the cells were subjected to real-time OCR measurements using an
XFe24 Extracellular Flux Analyzer as described in Figure 5. OCR readings
over time are shown.

SUPPLEMENTARY FIGURE 2

Naringenin increases protein expression of general differentiation
markers and mitochondrial respiration in murine brown adipocytes.
Murine brown pre-adipocytes were differentiated in the presence or
absence of NAR (10 µM) or ROSI (1 µM). (A) After 6 days, protein
expression of PPARγ, FABP4, perilipin (PLIN), and the loading control
ERK1/2 are shown (left panel). Bar graphs show the densitometry of
each gene normalized to the loading control ERK1/2 (right panels).
Data = Mean ± SEM (n = 3). ∗, ∗∗, ∗∗∗p < 0.05, p < 0.01, and p < 0.001
compared to the DMSO samples, respectively. (B) The cells were
reseeded at 20,000 cells per well on day 4 into an XFe24 assay plate.
After 24 h, the cells were then subjected to OCR measurements using
an XFe24 Extracellular Flux Analyzer as described in Figure 8. OCR
readings over time are shown.
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Nutritional intervention for
diabetes mellitus with
Alzheimer’s disease

Zhi Li, Simian Li, Ying Xiao, Tian Zhong, Xi Yu and Ling Wang*

Faculty of Medicine, Macau University of Science and Technology, Macau, China

The combined disease burden of diabetes mellitus (DM) and Alzheimer’s

disease (AD) is increasing, and the two diseases share some common

pathological changes. However, the pharmacotherapeutic approach to this

clinical complexity is limited to symptomatic rather than disease-arresting,

with the possible exception of metformin. Whether nutritional intervention

might extend or synergize with these e�ects of metformin is of interest. In

particular, dietary patterns with an emphasis on dietary diversity shown to

a�ect cognitive function are of growing interest in a range of food cultural

settings. This paper presents the association between diabetes and AD. In

addition, the cross-cultural nutritional intervention programswith the potential

to mitigate both insulin resistance (IR) and hyperglycemia, together with

cognitive impairment are also reviewed. Both dietary patterns and nutritional

supplementation showed the e�ects of improving glycemic control and

reducing cognitive decline in diabetes associated with AD, but the intervention

specificity remained controversial. Multi-nutrient supplements combined with

diverse diets may have preventive and therapeutic potential for DM combined

with AD, at least as related to the B vitamin group and folate-dependent

homocysteine (Hcy). The nutritional intervention has promise in the prevention

andmanagement of DMand AD comorbidities, andmore clinical studieswould

be of nutritional scientific merit.
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Introduction

Diabetes mellitus (DM) is a chronic disease with a metabolic disorder characterized

by hyperglycemia, resulting from insufficient insulin secretion in the body or insulin

resistance (IR) (1). According to published data, the global prevalence of diabetes was

about 9.3% (463 million people) in 2019, and it is estimated that the prevalence will

rise to 10.2% (578 million people) by 2030. More than 700 million individuals might

be affected by diabetes worldwide by 2045 (2). At present, the treatment methods for DM

mainly include five measures: dietary control, exercise, hypoglycemic medicine, health

education, and self-monitoring.

Dementia is also a serious public health problem. Alzheimer’s disease (AD), the

most common type of dementia, is a chronic neurodegenerative disease characterized

by impairment of memory and cognition, along with changes in behavior and
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personality (3). Pathological features of AD include amyloid

plaques composed of fibrillar Aβ and neurofibrillary tangles

composed of hyper-phosphorylated tau proteins that could

induce oxidative stress, inflammatory damage, cerebrovascular

damage, blood-brain barrier dysfunction, and neuronal death

(4). The mechanism of AD development is not yet fully

discovered and both genetic and environmental factors are

involved (5). According to the reports in 2021, AD affected

approximately 34 million people worldwide and approximately

5.8 million Americans aged 65 years and older currently have

AD. From 2000 to 2019, the number of reported deaths related

to AD increased by more than 145% (5, 6). Epidemiological

studies have shown that n-3 long-chain polyunsaturated fatty

acids (FAs) and docosahexaenoic acid could inhibit Aβ and

tau protein production and help the neurons maintain normal

function (7). Low intakes of n-3 FAs, B vitamins, and

antioxidants have been linked to an increased risk of AD (8, 9).

Currently, there is no effective drug that could reverse the

symptoms of AD or stop neuronal damage and destruction, and

the disease tends to progress gradually.

A substantial body of research indicates that nutrients and

phytochemicals including vitamins, folic acid, and polyphenols

may have therapeutic effects on DM combined with AD because

they could regulate blood glucose concentration, slow the

progress of cognitive decline, improve IR, and protect the

nervous system from inflammation and/or oxidative damage

(10–12). This review discusses and summarizes the effects and

potential mechanisms of nutritional intervention of DM and

AD, and provides suggestions for nutritional therapy to lower

the risk of developing AD in DM individuals.

Methods

CiteSpace visual analysis software and the bibliometric

analysis platform were used to analyze the status of the

nutritional intervention that improves DM accompanied with

AD. PubMed, EMBASE, Cochrane Library, and China National

Knowledge Infrastructure (CNKI) databases were searched to

identify the relevant and reliable literature up to June 2022. The

following search terms were used: Alzheimer’s disease, diabetes,

dementia, food ingredients, nutrition, and diet. After screening

the abstracts and titles, the relevant literature was analyzed and

organized, focusing on the last 5 years. In total, 161 potentially

relevant articles were included in this review.

Correlation between diabetes and
Alzheimer’s disease

Type 1 diabetes mellitus (T1DM) is a subtype of diabetes

(13). Some links have been found between type 1 diabetes and

cognitive impairment (14). A study on cerebral compromise and

its underlyingmechanisms in type 1 diabetes found altered levels

of cerebrospinal fluid (CSF), a biomarker of AD, compared to

controls. However, the observed profile does not match the full

risk profile seen in pre-AD patients (15). The findings of a large

retrospective cohort study of 343,062 hospitalized patients with

type 1 diabetes indicate that type 1 diabetes is associated with

an elevated risk of any dementia, AD, and vascular dementia,

and is particularly pronounced in younger patients with diabetes

(16). The mechanisms underlying the association between type

1 diabetes and the development of cognitive impairment are not

yet fully understood. Further research is needed in the future.

Numerous epidemiological studies have linked diabetes to

dementia caused by AD, especially type 2 diabetes mellitus

(T2DM), and it is even considered that AD is likely to represent

a brain-specific form of diabetes, namely type 3 diabetes.

Some studies indicated that T2DM is a risk factor for AD

(17), but there is no validation as to whether AD is a risk

factor for T2DM. Type 2 diabetes mellitus accounts for one-

tenth of people with dementia worldwide, and T2DM patients

have a higher chance (>50%) to develop AD than those non-

T2DM individuals (18–20). Alzheimer’s disease and T2DM share

common risk factors, such as obesity, aging, and IR (21–23).

In addition, there are many common pathological mechanisms

associated with IR between AD and T2DM, such as oxidative

stress, impaired insulin signaling, mitochondrial dysfunction,

neuro-inflammation, advanced glycation end products (AGEs),

and metabolic syndrome, etc. (3, 24, 25). The insulin signaling

pathway is initiated when insulin recognizes and binds to

the transmembrane tyrosine kinase receptor (TKR). Activated

TKR causes insulin receptor substrates (IRS) to be tyrosine

phosphorylated by insulin receptor tyrosine kinase, followed by

blocking downstream signaling pathways and impairing insulin

signaling pathways, then working together with Aβ deposition

and mitochondrial dysfunction to form a vicious circle (26).

Abnormalities of glucose metabolism may contribute

to AD development in diabetic patients and the disorder

of energy metabolism is directly associated with the

pathological development of AD (27). Abnormal metabolism

and transportation of glucose in DM could impair the

cognitive performance of the patients (28). Therefore,

adequate blood glucose control should be the main goal of

therapeutic approaches to lower the risk of AD in diabetic

individuals. Additionally, oxidative stress and mitochondrial

dysfunction are linked to the onset and progression of AD

in diabetic patients. It is postulated that the normal function

of mitochondria is crucial for delaying aging and avoiding

neurodegenerative illnesses (29). Mitochondrial dysfunction

is a key factor in the pathogenesis of various diseases, such as

diabetes and neurodegenerative diseases (30). The brain is very

susceptible to mitochondrial dysfunction due to its high energy

requirements (31). Many studies have shown that mitochondrial

oxidative stress and the production of reactive oxygen species

(ROS) are increased under hyperglycemic conditions, and a
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large amount of ROS could lead to a series of common AD

pathological changes, such as the oxidative damage of proteins,

carbohydrates, and lipids (32). A recent study found for the

first time that adipose tissue-derived EVs from high-fat diet

(HFD)-fed mice or patients with diabetes induce remarkable

synaptic loss and cognitive impairment (33).

Anti-AD drugs, especially piracetam could significantly

reduce some diabetic parameters, such as fasting plasma glucose

(FPG), HbA1c, and serum insulin concentration in patients with

diabetic AD (34). Similarly, epidemiological studies showed that

some antidiabetic drugs such as metformin, applied in diabetic

patients could reduce the risk of developing AD and all-cause

dementia (4, 35). However, the protective effect of metformin

on AD is controversial. One study found that metformin had

a protective effect in diabetic patients accompanied by cognitive

impairment or dementia, while the protective effect was not seen

in non-diabetic individuals with cognitive impairment (36). The

patients with mild cognitive impairment or mild AD showed

little improvement after being treated with metformin in clinical

trials (37, 38). In addition, the precise mechanism underlying the

therapeutic activity of metformin in AD is unclear. Metformin

may act through mechanisms involving glucose homeostasis,

decreased amyloid plaque deposition, normalization of tau

protein phosphorylation, and increased autophagy (39). More

research is needed to confirm the potential role of metformin

in DM accompanied by AD.

Nutritional intervention improves
DM accompanied with AD

Due to the increasing prevalence, mortality, and

complication rates, DM has a great impact on the quality

of life in diabetic patients. The effect of pharmacology to cure

AD is limited, as whether the nutritional intervention could

reduce the risk and progression of AD in diabetic individuals

is of significant interest. Changes in dietary intake and lifestyle

are more important, and easier and safer to implement than

medication. It is particularly important to explore scientific

and effective nutritional interventions to improve the disease

prognosis of DM patients with AD.

Management of dietary intake

For patients with diabetes and AD, it is common to

have both declined cognition and unhealthy dietary intake,

overconsumption of some foods makes it difficult to glucose

control, while inappropriate strict limitation of food intake

might induce hypoglycemia. Management of dietary intake is

critical for blood glucose control in diabetic patients. Some

studies found that improper dietary control, untimely drug

adjustment, and the influence of exercise intensity contributed

to poor glucose control in patients with AD accompanied by

T2DM (40). Many studies also showed that a reasonable and

healthy diet could provide appropriate nutrients and energy

required by the patients without inducing significant fluctuation

in blood glucose concentration (41–43). Well-planned dietary

management could effectively control blood glucose and insulin

concentrations and might help to delay further cognitive decline

(44) in T2DM patients with AD.

Prevention of hypoglycemia

In cases of DM accompanied by dementia or AD, the

patients might have a problem organizing their meals and even

be insensitive to hungry, which could induce hypoglycemia (45).

The caregiver should try his/her best to persuade him/her to eat,

be patient with feeding, and if necessary, give a sugar-free liquid

diet through tube feeding or provide intravenous nutrition as

prescribed by the doctor to meet the needs of the body’s energy

(46). To prevent hypoglycemia, it is recommended that these

patients should bring some candies and chocolates with them.

For the in-patients who are not used to adapt the hospital diet,

the dietitian should contact their family members to provide

the patient’s favorite, but low-sugar, low-fat, and fiber-rich foods

(47). For those who have difficulty chewing or swallowing, the

food with appropriate nutrients and energy should be ground

into a paste and provided to the patients (48).

Reasonable control of the energy intake

According to the patient’s physical activity level and eating

habits, the dietitian could formulate a diet guide card, and

calculate the daily intake of protein, fat, carbohydrate, vegetable,

and fruit based on the total amount of food exchange portion.

The dietitian could make an individual diet plan based on the

daily calorie requirement of the patient. Coarse grains and pasta

are the staple food with a low glycemic index (GI), certain types

of dark green leafy vegetables are recommended for diabetic

patients even at a relatively large amount, while foods rich

in simple sugar, e.g., sucrose and honey should be limited. In

general, three meals a day are allocated reasonably at the energy

distribution of 2/5, 2/5, and 1/5 for breakfast, lunch, and dinner,

respectively (49, 50).

Glycemic management

Good glycemic control is crucial for diabetic patients

in suppressing disease progress, complications, and even the

development of AD. Feeling hungry is a common symptom of

DM patients. The quantity and quality of the food consumed

should be cautious. Under the condition of enough energy and

nutrients, the patients should choose foods that are low GI

and rich in dietary fiber, such as coarse grains, potatoes, and

miscellaneous beans. Dietary fiber could prevent postprandial
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hyperglycemia and be fermented by intestinal flora to produce

short-chain FAs in the large bowel. Daily dietary fiber intake

could reach up to 40 g for diabetic patients. At the same time,

the patient’s physical activity level and tolerance capacity should

be monitored at the time of exercise to avoid hypoglycemia (49).

Dietary pattern

Improving e�ects of dietary patterns in
DM-only patients

Changes in lifestyle and self-management skills are critical

in the treatment of diabetes. A change in eating habits is one of

the most important lifestyle changes and challenges for people

with diabetes (51). Studies have shown that a low-carbohydrate

diet (LCD) can improve glycemic control in people with T2DM,

and the effects are even more pronounced with a ketogenic diet

(KD) (52). However, there is currently no evidence that LCD or

KD can delay or prevent the onset of T1DM (53). In addition,

a meta-analysis found that Medi (Mediterranean diet) appears

to be the most effective and efficient diet for better glycemic

control in patients with T2DM (54). There is also evidence

that Medi has beneficial effects on cardiometabolic health and

reduces mortality in patients with T2DM (55).

Improving e�ects of dietary patterns in
AD-only patients

For AD patients, observational studies suggested that

the MIND (Mediterranean-DASH Diet Intervention for

Neurodegenerative Delay) may be more protective against

cognitive decline and AD than the Mediterranean and DASH

(Dietary Approaches to Stop Hypertension) diets, but more

evidence on the MIND diet is required to make a firm judgment

(56–58). Ketogenic diet has beneficial effects on enhancing

mitochondrial function and cellular metabolism, which are

associated with improved cognitive performance in older

adults with AD. The level and duration of ketosis affect the

improvement of cognitive outcomes (59).

Improving e�ects of dietary patterns in DM
with AD patients

Medi, DASH, and MIND dietary patterns have been found

to have a positive influence on DM with AD patients. Both the

Medi and DASH dietary patterns emphasize the consumption

of plant-based foods and low or limited consumption of red

meat. Medi is a traditional diet originating from Mediterranean

countries, that focuses on the consumption of abundant fruits,

vegetables, legumes, unrefined grains, plenty of fish, and

moderate dairy products (such as low-fat cheese and yogurt) and

wine, taking olive oil as the cooking oil, while DASH emphasizes

consumption of dairy products and low consumption of sodium,

industrial sweets, and saturated fat (60). In middle-aged and

older adults with T2DM, adherence to the Medi is related

to better cognitive function and glycemic control (61, 62).

The MIND diet is a combination of the Medi and DASH

dietary patterns, emphasizing the consumption of natural plant

foods, especially increasing the intake of berries and dark green

leafy vegetables, which are rich in folic acid, lutein, lycopene,

and alpha and beta carotene, which might play roles in anti-

aging for the brain and help to maintain cognitive function

(63–65). Adherence to any of the Medi, DASH, and MIND

dietary patterns could improve insulin sensitivity, and reduce

the likelihood of diabetes and inflammation, in turn reducing

the risk of dementia and AD (66–69).

Ketogenic diet has also been found to have a positive

influence on DM with AD patients. Ketogenic diets are low-

carbohydrate, high-fat, moderate-protein diets that typically

provide about 80% of calories from fat, 15% from protein, and

5% from carbohydrates (70). Medium-chain triglyceride (MCT)

oil, a major lipid component in KD, may promote ketogenesis

and maintain mitochondrial function, in conjunctive therapy

for AD patients (71, 72). This dietary pattern could improve

glycemic control in T2DM (73) and accompany cognitive

impairment in AD (74). Long-term adherence to the KD is

difficult with side effects attributable to the compromised dietary

quality of micro-nutrient deficiency, along with poor appetite,

nausea, constipation, fatigue, dyslipidemia, and unexpected

weight loss (53, 75).

Supplements

Some studies have demonstrated that probiotic

supplementation could improve T2DM and AD (76–79).

For example, the probiotic Lactobacillus acidophilus attenuated

the inflammatory response in T2DM by modulating hepatic

gluconeogenesis, lipid metabolism, and gut microbiota

in mice (80). Prebiotic inulin and dietary inulin may

suppress inflammation and modulate gut macrobiotics during

T2DM progression (81). In AD patients, cognitive function

was improved after treatment with probiotics containing

Lactobacillus and Bifidobacterium (82, 83).

It remains debatable whether patients with T2DM and

AD could benefit from vitamin supplementation. Vitamin A

may be involved in nerve regeneration, neurodevelopment, and

neurodegeneration, including AD (84, 85). Vitamin C and E

have been touted for potentially favorable anti-oxidative effects

in T2DM and AD (86, 87). Vitamin D deficiency might increase

neurodegenerative risk, in part through ted development of IR

and diabetes by reducing insulin signaling (88, 89). Experimental

studies indicated that vitamin D had the potential to prevent

and treat cognitive decline in dementia (90), and cohort studies

suggested that higher concentrations of circulating vitamin D

may lower the risk of all-cause dementia and AD in T2DM.
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TABLE 1 The e�ects of nutritional intervention for diabetes mellitus with Alzheimer’s disease.

Nutritional

intervention

Main findings Intervention: features of dietary

patterns and supplements

Author and

Ref. No.

Dietary pattern

Mediterranean diet

(Medi)

Reduce the incidence of diabetes Carbohydrates, % of energy: 39± 6

Protein, % of energy: 14± 3

Lipids, % of energy: 47± 7

Anastasiou et al.

(68)

Improve insulin sensitivity

Dietary Approaches

to Stop High Blood

Pressure (DASH)

Reduce oxidative stress and inflammation Carbohydrate, % of energy: 55± 2

Protein, % of energy: 16± 0.9

Total fat, % of energy: 29± 1.1

Sodium intake: 2,400 mg/d

Azadbakht et al.

(67)

Mediterranean-

DASH Delayed

Intervention for

Neurodegeneration

(MIND)

Prevent dementia and reduce the risk of AD Carbohydrates: 45–55%

Protein: 15–20%

Total fat: 25–30%

Sodium intake: 2,400 mg/d

Asemi et al. (69)

Ketogenic diets

(KD)

Control and improve blood glucose in patients

with T2DM

14% Carbohydrates (<50 g)

28% Protein

58% Fat (35% MUFA, 13% PUFA, <10% SFA)

Brinkworth et al.

(73)

Improve cognition in AD patients 58% Fat (26% SFA, 32% non-saturated)

29% Protein

7% Fiber

6% Carbohydrates

Abboud et al. (74)

Supplements

Probiotic

Lactobacillus

acidophilus

Improve the intestinal barrier function Untreated diabetes mellitus group (DC), diabetic

mice treated with L. acidophilus KLDS1.1003

(LA1, 1× 109 CFU/d) and diabetic mice treated

with L. acidophilus KLDS1.0901 group

(LA2, 1× 109 CFU/d).

Yan et al. (79)

Suppress inflammatory responses in liver and

colon

Regulate glucose and lipid metabolism in liver

Dietary inulin Reduce the plasma LPS concentration Six groups (15 mice per group): pre-diabetic group

(PDM group); inulin-treated pre-diabetic group

(INU/PDM group); early diabetic group (EDM

group); inulin-treated early diabetic group

(INU/EDM group); diabetic group (DM group);

inulin-treated diabetic group (INU/DM group).

Li et al. (81)

Alter plasma pro-inflammatory and

anti-inflammatory cytokines in diverse stages of

T2DM

Modulate gut dysbiosis in diverse stages of T2DM

Probiotics

containing

Lactobacillus and

Bifido-bacterium

Decrease the plasma MDA and the serum hs-CRP

concentrations

Control group: treat with milk.

Probiotic group: take 200 ml/day probiotic milk

containing Lactobacillus acidophilus, Lactobacillus

casei, Bifidobacterium bifidum, and Lactobacillus

fermentum (2× 109 CFU/g for each) for 12 weeks.

Akbari et al. (82)

(Continued)
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TABLE 1 (Continued)

Nutritional

intervention

Main findings Intervention: features of dietary

patterns and supplements

Author and

Ref. No.

Reduce the HOMA-B index

Decrease the serum triglyceride and VLDL

concentrations

Vitamin A Adequate intake of vitamin A may help protecting

against diabetes, especially for men

Vitamin A intakes were assessed by three

consecutive 24-h dietary recalls combined with a

household food inventory.

Su et al. (84)

Modulate Aβ formation and aggregation,

cholinergic transmission, and inflammatory

responses

500 IU (control diet)/100 g of VitA or 2,000 IU

(enriched diet)/100 g VitA.

Biyong et al. (85)

Vitamin B Slow the acceleration of brain atrophy All patients received treatment with an

acetylcholinesterase inhibitor and were

randomized to receive add-on mecobalamin (B12)

500mg+multivitamin supplement, or placebos.

(Multivitamin: pyridoxine (B6) 5mg, folic acid

1mg, and other vitamins and iron).

Sun et al. (101)

Reduce plasma homocysteine concentrations in

patients with Alzheimer’s disease and diabetes

Improve cognitive function in AD patients

Vitamin C Avoid the pro-oxidative effect VC supplementation of 500–1,000 mg/day. Sun et al. (86)

Reduce the risk of diabetes mellitus type 2

complications

A reduced risk of cognitive decline Exposure to supplements of vitamin E or C was

measured at baseline using data collected either

from the structured interview at the clinical

examination or the selfadministered risk factor

questionnaire (RFQ).

Basambombo et al.

(87)

Vitamin D Improve adipocyte metabolic function and protect

against obesity

Vitamin D 1,25-dihydroxyvitamin

D[1,25(OH)2D] treatment (24 h, 100 nmol/L).

Chang et al. (88)

Reduce low-grade chronic inflammation caused

by IR

2,000 IU of Vitamin D/day. Wenclewska et al.

(89)

Preserve brain health and lower risk of AD Plasma 25(OH)D concentrations: ≥50 nmol/L. Feart et al. (91)

Slow cognitive decline Serum 25(OH)D concentrations: ≥50 nmol/L. Geng et al. (92)

Delay or prevent the onset of dementia, especially

AD

Polyphenols Insulin resistance ↓ Resveratrol dose: 500mg twice a day 45 days. Movahed et al.

(112)

Blood glucose levels ↓

HOMA-β ↓

Systolic blood pressure ↓

Neuroprotection — Ben Hmidene et al.

(125)

Trace elements

(magnesium and

zinc)

Lower serum cholesterol and

cholesterol/high-density lipoprotein ratio

ZnSO4 : 22 mg/day. Gunasekara et al.

(130)

Maintain normal cell function and normal lipid

metabolism

Mg supplementation: 4.5 g/day of Mg pidolate

(368 mg/day of Mg ion).

Barbagallo et al.

(131)

Enhance tyrosine kinase activity

(Continued)

Frontiers inNutrition 06 frontiersin.org

9089

https://doi.org/10.3389/fnut.2022.1046726
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org


Li et al. 10.3389/fnut.2022.1046726

TABLE 1 (Continued)

Nutritional

intervention

Main findings Intervention: features of dietary

patterns and supplements

Author and

Ref. No.

n-3 Fatty acids

(FAs)

Mediate inflammatory and immune responses Omega-3 fatty acid diet (n-3 diet): add 0.5% of

flaxseed oil and 1.2% of docosahexaenoic acid

capsule oil.

Agrawal et al. (132)

Reduce the risk of IR and neurocognitive

impairment

Pentacyclic

triterpenoids

Inhibit TNF-α and TGF-β production 0.1% FCS and different concentrations of betulin

(1 or 10µM) or betulinic acid (1 or

5µM) (Sigma–Aldrich).

Szuster-Ciesielska

et al. (133)

Exert an antifibrotic activity by silencing

ethanol-activated HSCs

Hedera nepalensis

crude extract

(HNC) and lupin

alcohol

HNC and lupeol ameliorate the increase in plasma

glucose level and enhance the antioxidant enzymes

profile

NC (normal control) group (non-diabetic,

non-Alzheimer): given 10% DMSO (10 ml/kg

BW/day).

STZ+ AlCl3 co-treated group: received

Rivastigmine (EXCELON R©) at 0.8 mg/kg BW/day

as positive control (PC).

AC group (Alzheimer control): received 10%

DMSO (10 ml/kg BW/day) after STZ+ AlCl3

co-treatment.

HNC group (AC+HNC): received crude extract

400 mg/kg (BW) after STZ+ AlCl3 co-treatment.

AC+ Lupeol group: received lupeol orally at 10

mg/kg (BW) after STZ+ AlCl3 co-treatment.

Hashmi et al. (134)

Decrease DM related complications of AD such as

cognitive impairment and anxiety/fear related

behavioral indices

Marine phenolics Decrease postprandial glucose, insulin, and

C-peptide levels

Dieckol-rich extract: 1,500 mg/day. Lee et al. (135)

Fig leaf extract The methanol and water extracts of Ficus carica

leaf extracts have strong antioxidant activity

First 150 µl of the extract was mixed with 50 µl of

1.0×10−3 M freshly prepared DPPH•methanol

solution in 96-well plates.

Ergül et al. (136)

Show strong α-glucosidase and α-amylase

inhibition activity

α-lipoic acid (ALA) Show the improvement in insulin sensitivity and

lipid metabolism

ALA: 300 mg/daily for 3 months. Udupa et al. (137)

Vitamin D supplementation in the elderly might slow cognitive

decline and delay the onset of dementia, especially AD (91, 92).

Hyperhomocysteinemia (HHcy) is a risk factor for AD

development, and once HHcy is corrected, the development

of AD might be postponed (93–95). Homocysteine (Hcy)

is a sulfur-containing non-proteinogenic amino acid that

enhances excitotoxicity and causes DNA damage and death

in neurons, impairing short-term memory and learning (96).

Hyperhomocysteinemia is a state in which the body has an

excess of Hcy (97). Vitamins B-6, B-12, and folic acid are

essential dietary nutrients for maintaining normal physiological

concentrations of Hcy (98). Folic acid (also known as the

oxidized form of vitamin B-9) supplementation has positive

effects on diabetes-related oxidative stress (99) and could

improve cognitive function in AD patients (100). Folic acid

supplementation alone or the use of multivitamin supplements

containing vitamins B-6, and B-12 have been shown to be

effective in reducing plasma Hcy concentrations in patients with

AD and DM (101–103). Brain atrophy is accelerated in the

elderly with cognitive impairment, particularly those who have

AD (104). It has been demonstrated that HHcy is linked to brain

atrophy. Supplementation with B vitamins to elderly with mild
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cognitive impairmentmay slow the acceleration of brain atrophy

by lowering blood Hcy concentrations (105). Additionally, a

high baseline of plasma n-3 FA was observed to improve

the positive effects of high-dose B vitamin supplementation,

which decreased the mean rate of brain shrinkage by 40% in

participants with high plasma n-3 FA concentrations compared

to those in the placebo group. In contrast, B vitamins had no

effect on brain shrinkage in patients with low concentrations of

plasma n-3 FA (106). Even though numerous studies explored

the association between plasma Hcy and AD, it is not easy to

tell the exact effects of Hcy, folate, or vitamin B-12 on cognition

and/or AD pathogenesis (107). Understanding the underlying

mechanisms of HHcy in AD may help to improve the treatment

and bring immediate clinical advantages for the patients.

The antioxidant and anti-inflammatory effects of bioactive

compounds, such as polyphenols and carotenoids in vegetables

and fruits make them candidates for the prevention and

control of DM and AD. Polyphenols such as resveratrol

(108–112), gallic acid (11, 113, 114), curcumin (115–118),

anthocyanins (119), luteolin (120), hesperetin (121), genistein

(122), Boswellia serrata gum extract (123), mango leaf extract

(124), and flavonoids (125), exist in a variety of plants. They

have various functions, such as preventing oxidative stress

damage, regulating blood glucose concentration, inhibiting

inflammation, improving IR, and neuroprotection, which are

all beneficial to DM and AD. A great body of research have

confirmed that having foods rich in polyphenols could reduce

the risk of DM and AD (12), improve insulin sensitivity in DM

patients to inhibit the formation of AGEs, and promote cellular

uptake of glucose (126). Polyphenols could also prevent the

subsequent development of DM-related complications such as

cardiovascular disease, neuropathy, etc., and improve neuronal

metabolism and cognitive performance (127), Carotenoids,

such as lycopene have been shown having beneficial effects

on diabetes and its associated complications in many animal

studies, and are potentially effective drug components for the

treatment of AD (128, 129).

Supplementation of trace elements, such as magnesium

and zinc in diabetic patients could promote glucose transport,

maintain normal cell function and lipid metabolism, and

enhance tyrosine kinase activity. There was a significant negative

association between magnesium intake and all-cause dementia,

but the same association was not observed in AD, whereas

cognitive improvement was found after zinc therapy in a mouse

model of AD, indicating that zinc may play an important role in

the pathogenesis of AD (130, 131).

Intake of n-3 FAs (132), pentacyclic triterpenoids

(133), Hedera nepalensis crude extract and lupin alcohol

(134), marine phenolics (135), fig leaf extract (136), α-

lipoic acid (137) has been shown to positively mediate

inflammatory and immune responses, reduce the risk of IR and

neurocognitive impairment, and ultimately decrease the risk

of AD.

The effects of nutritional intervention for DM with AD

mentioned above are summarized in Table 1.

Conclusion

The prevalence of DM and AD increases year by year.

These two diseases share a common underlying pathological

mechanism, and DM patients have a higher risk of developing

AD. Therefore, a focus on how to prevent and treat DM

accompanied by AD should underscore the potential relevance

of nutritional intervention strategies in three respects:

food intake management, dietary pattern, and nutrient

supplementation. To date, various food factors and dietary

components including probiotics, polyphenols, trace elements,

and n-3 FAs, have been countenanced as candidates for cognitive

maintenance or improvement in diabetic patients who are prone

to brain dysfunction. Two dietary patterns, the KD, and the

Mediterranean diet have been found to be therapeutically

effective in DM and AD. Multi-nutrient supplements together

with a healthy dietary pattern may enhance the therapeutic

effectiveness. The key to the prevention of DM accompanied by

AD is to identify the risk factors such as obesity, lack of exercise,

and unhealthy eating habits before the disease is apparent,

and to establish effective intervention strategies, especially

nutritional measures.
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Vitamin D supplementation reduces both oxidative DNA damage and insulin
resistance in the elderly with metabolic disorders. Int J Mol Sci. (2019)
20:2891. doi: 10.3390/ijms20122891

90. Dickens AP, Lang IA, Langa KM, Kos K, Llewellyn DJ. Vitamin D,
cognitive dysfunction and dementia in older adults. CNS Drugs. (2011) 25:629–
39. doi: 10.2165/11593080-000000000-00000

91. Feart C, Helmer C, Merle B, Herrmann FR, Annweiler C, Dartigues JF, et al.
Associations of lower vitamin d concentrations with cognitive decline and long-
term risk of dementia and Alzheimer’s disease in older adults. Alzheimers Dement.
(2017) 13:1207–16. doi: 10.1016/j.jalz.2017.03.003

92. Geng T, Lu Q, Wan Z, Guo J, Liu L, Pan A, et al. Association of serum 25-
hydroxyvitamin D concentrations with risk of dementia among individuals with
type 2 diabetes: a cohort study in the UK BioBank. PLoS Med. (2022) 19:e1003906.
doi: 10.1371/journal.pmed.1003906

93. Quadri P, Fragiacomo C, Pezzati R, Zanda E, Forloni G, Tettamanti M,
et al. Homocysteine, folate, and vitamin B-12 in mild cognitive impairment,
Alzheimer disease, and vascular dementia. Am J Clin Nutr. (2004) 80:114–
22. doi: 10.1093/ajcn/80.1.114

94. Smith AD. The worldwide challenge of the dementias: a
role for B vitamins and homocysteine? Food Nutr Bull. (2008)
29:S143–72. doi: 10.1177/15648265080292s119

95. Van Dam F, Van Gool WA. Hyperhomocysteinemia and
Alzheimer’s disease: a systematic review. Arch Gerontol Geriatr. (2009)
48:425–30. doi: 10.1016/j.archger.2008.03.009

96. Škovierová H, Vidomanová E, Mahmood S, Sopková J, Drgová A, Cervenová
T, et al. The molecular and cellular effect of homocysteine metabolism imbalance
on human health. Int J Mol Sci. (2016) 17:1733. doi: 10.3390/ijms17101733

97. Kim J, Kim H, Roh H, Kwon Y. Causes of hyperhomocysteinemia
and its pathological significance. Arch Pharm Res. (2018) 41:372–
83. doi: 10.1007/s12272-018-1016-4

98. Cacciapuoti F. Lowering homocysteine levels with folic acid and B-
vitamins do not reduce early atherosclerosis, but could interfere with cognitive
decline and Alzheimer’s disease. J Thromb Thrombolysis. (2013) 36:258–
62. doi: 10.1007/s11239-012-0856-x

99. Mutavdzin S, Gopcevic K, Stankovic S, Jakovljevic Uzelac J, Labudovic
Borovic M, Djuric D. The effects of folic acid administration on cardiac oxidative
stress and cardiovascular biomarkers in diabetic rats.OxidMed Cell Longev. (2019)
2019:1342549. doi: 10.1155/2019/ 1342549

100. Chen H, Liu S, Ji L, Wu T, Ji Y, Zhou Y, et al. Folic acid supplementation
mitigates Alzheimer’s disease by reducing inflammation: a randomized controlled
trial.Mediators Inflamm. (2016) 2016:5912146. doi: 10.1155/2016/5912146

101. Malouf M, Grimley EJ, Areosa SA. Folic acid with or without vitamin
B12 for cognition and dementia. Cochrane Database Syst Rev. (2003) 4:Cd004514.
doi: 10.1002/ 14651858.Cd004514

102. Sun Y, Lu CJ, Chien KL, Chen ST, Chen RC. Efficacy of multivitamin
supplementation containing vitamins B6 and B12 and folic acid as adjunctive
treatment with a cholinesterase inhibitor in Alzheimer’s disease: a 26-
week, randomized, double-blind, placebo-controlled study in Taiwanese
patients. Clin Ther. (2007) 29:2204–14. doi: 10.1016/j.clinthera.2007
.10.012

103. Gargari BP, Aghamohammadi V, Aliasgharzadeh A. Effect of folic acid
supplementation on biochemical indices in overweight and obese men with type
2 diabetes. Diabetes Res Clin Pract. (2011) 94:33–8. doi: 10.1016/j.diabres.2011.
07.003

104. Jack CR Jr, Shiung MM, Gunter JL, O’Brien PC, Weigand SD,
Knopman DS, et al. Comparison of different MRI brain atrophy rate
measures with clinical disease progression in AD. Neurology. (2004) 62:591–
600. doi: 10.1212/01.wnl.0000110315.26026.ef

105. Smith AD, Smith SM, de Jager CA, Whitbread P, Johnston C, Agacinski
G, et al. Homocysteine-lowering by B vitamins slows the rate of accelerated brain
atrophy in mild cognitive impairment: a randomized controlled trial. PLoS ONE.
(2010) 5:e12244. doi: 10.1371/journal.pone.0012244

106. Jernerén F, Elshorbagy AK, Oulhaj A, Smith SM, RefsumH, Smith AD. Brain
atrophy in cognitively impaired elderly: the importance of long-chain ω-3 fatty
acids and B vitamin status in a randomized controlled trial. Am J Clin Nutr. (2015)
102:215–21. doi: 10.3945/ajcn.114.103283

107. Farina N, Jernerén F, Turner C, Hart K, Tabet N. Homocysteine
concentrations in the cognitive progression of Alzheimer’s disease. Exp Gerontol.
(2017) 99:146–50. doi: 10.1016/j.exger.2017.10.008

108. Szkudelski T, Szkudelska K. Resveratrol and diabetes: from
animal to human studies. Biochim Biophys Acta. (2015) 1852:1145–
54. doi: 10.1016/j.bbadis.2014.10.013

109. Kulashekar M, Stom SM, Peuler JD. Resveratrol’s potential in the adjunctive
management of cardiovascular disease, obesity, diabetes, Alzheimer disease,
and cancer. J Am Osteopath Assoc. (2018) 118:596–605. doi: 10.7556/jaoa.2018
.133

110. Zhang W, Yu H, Lin Q, Liu X, Cheng Y, Deng B. Anti-inflammatory effect
of resveratrol attenuates the severity of diabetic neuropathy by activating the Nrf2
pathway. Aging (Albany NY). (2021) 13:10659–71. doi: 10.18632/aging.202830

111. Ma X, Sun Z, Han X, Li S, Jiang X, Chen S, et al. Neuroprotective
effect of resveratrol via activation of SIRT1 signaling in a rat model
of combined diabetes and Alzheimer’s disease. Front Neurosci. (2019)
13:1400. doi: 10.3389/fnins.2019.01400

112. Movahed A, Nabipour I, Lieben Louis X, Thandapilly SJ Yu L,
Kalantarhormozi M, et al. Antihyperglycemic effects of short term resveratrol
supplementation in type 2 diabetic patients. Evid Based Complement Alternat Med.
(2013) 2013:851267. doi: 10.1155/2013/851267

113. Jia JJ, Zeng XS, Song XQ, Zhang PP, Chen L. Diabetes mellitus
and Alzheimer’s disease: the protection of epigallocatechin-3-gallate
in streptozotocin injection-induced models. Front Pharmacol. (2017)
8:834. doi: 10.3389/fphar.2017.00834

114. Bassiony HS, Zickri MB, Metwally HG, Elsherif HA, Alghandour SM, Sakr
W. Comparative histological study on the therapeutic effect of green tea and stem
cells in Alzheimer’s disease complicating experimentally induced diabetes. Int J
Stem Cells. (2015) 8:181–90. doi: 10.15283/ijsc.2015.8.2.181

115. Qin B, Panickar KS, Anderson RA. Cinnamon: potential role in the
prevention of insulin resistance, metabolic syndrome, and type 2 diabetes. J
Diabetes Sci Technol. (2010) 4:685–93. doi: 10.1177/193229681000400324

116. LeeMS,WahlqvistML, Chou YC, FangWH, Lee JT, Kuan JC, et al. Turmeric
improves post-prandial working memory in pre-diabetes independent of insulin.
Asia Pac J Clin Nutr. (2014) 23:581–91. doi: 10.6133/apjcn.2014.23.4.24

117. Thota RN, Rosato JI, Dias CB, Burrows TL, Martins RN, Garg ML.
Dietary supplementation with curcumin reduce circulating levels of glycogen
synthase kinase-3β and islet amyloid polypeptide in adults with high risk of type
2 diabetes and Alzheimer’s disease. Nutrients. (2020) 12:1032. doi: 10.3390/nu120
41032

118. Abdulmalek S, Nasef M, Awad D, Balbaa M. Protective
effect of natural antioxidant, curcumin nanoparticles, and zinc oxide
nanoparticles against type 2 diabetes-promoted hippocampal neurotoxicity
in rats. Pharmaceutics. (2021) 13:1937. doi: 10.3390/pharmaceutics131
11937

Frontiers inNutrition 11 frontiersin.org

9594

https://doi.org/10.3389/fnut.2022.1046726
https://doi.org/10.1155/2019/4730539
https://doi.org/10.1039/c9fo01062a
https://doi.org/10.1039/c8fo02265h
https://doi.org/10.3389/fnagi.2016.00256
https://doi.org/10.1007/s10522-020-09895-7
https://doi.org/10.1016/j.nbd.2021.105542
https://doi.org/10.1210/clinem/dgac439
https://doi.org/10.3390/nu14193902
https://doi.org/10.1177/1060028016673072
https://doi.org/10.1016/j.nut.2015.12.032
https://doi.org/10.3390/ijms20122891
https://doi.org/10.2165/11593080-000000000-00000
https://doi.org/10.1016/j.jalz.2017.03.003
https://doi.org/10.1371/journal.pmed.1003906
https://doi.org/10.1093/ajcn/80.1.114
https://doi.org/10.1177/15648265080292s119
https://doi.org/10.1016/j.archger.2008.03.009
https://doi.org/10.3390/ijms17101733
https://doi.org/10.1007/s12272-018-1016-4
https://doi.org/10.1007/s11239-012-0856-x
https://doi.org/10.1155/2019/
https://doi.org/10.1155/2016/5912146
https://doi.org/10.1002/
https://doi.org/10.1016/j.clinthera.2007.10.012
https://doi.org/10.1016/j.diabres.2011.07.003
https://doi.org/10.1212/01.wnl.0000110315.26026.ef
https://doi.org/10.1371/journal.pone.0012244
https://doi.org/10.3945/ajcn.114.103283
https://doi.org/10.1016/j.exger.2017.10.008
https://doi.org/10.1016/j.bbadis.2014.10.013
https://doi.org/10.7556/jaoa.2018.133
https://doi.org/10.18632/aging.202830
https://doi.org/10.3389/fnins.2019.01400
https://doi.org/10.1155/2013/851267
https://doi.org/10.3389/fphar.2017.00834
https://doi.org/10.15283/ijsc.2015.8.2.181
https://doi.org/10.1177/193229681000400324
https://doi.org/10.6133/apjcn.2014.23.4.24
https://doi.org/10.3390/nu12041032
https://doi.org/10.3390/pharmaceutics13111937
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org


Li et al. 10.3389/fnut.2022.1046726

119. KhanMS, IkramM, Park TJ, KimMO. Pathology, risk factors, and oxidative
damage related to type 2 diabetes-mediated Alzheimer’s disease and the rescuing
effects of the potent antioxidant anthocyanin. Oxid Med Cell Longev. (2021)
2021:4051207. doi: 10.1155/2021/4051207

120. Wagle A, Seong SH, Shrestha S, Jung HA, Choi JS. Korean thistle
(Cirsium japonicum var. maackii (Maxim.) Matsum.): a potential dietary
supplement against diabetes and Alzheimer’s disease. Molecules. (2019)
24:649. doi: 10.3390/molecules24030649

121. Lai MC, Liu WY, Liou SS, Liu IM. The citrus flavonoid hesperetin
encounters diabetes-mediated Alzheimer-type neuropathologic changes through
relieving advanced glycation end-products inducing endoplasmic reticulum stress.
Nutrients. (2022) 14:745. doi: 10.3390/nu14040745

122. Li RZ, Ding XW, Geetha T, Al-Nakkash L, Broderick TL, Babu JR. Beneficial
effect of genistein on diabetes-induced brain damage in the ob/ob mouse model.
Drug Des Devel Ther. (2020) 14:3325–36. doi: 10.2147/dddt.S249608

123. Gomaa AA, Makboul RM, Al-Mokhtar MA, Nicola MA. Polyphenol-
rich Boswellia serrata gum prevents cognitive impairment and insulin
resistance of diabetic rats through inhibition of GSK3β activity, oxidative
stress and pro-inflammatory cytokines. Biomed Pharmacother. (2019)
109:281–92. doi: 10.1016/j.biopha.2018.10.056

124. Infante-Garcia C, Jose Ramos-Rodriguez J, Marin-Zambrana Y, Teresa
Fernandez-Ponce M, Casas L, Mantell C, et al. Mango leaf extract improves central
pathology and cognitive impairment in a type 2 diabetes mouse model. Brain
Pathol. (2017) 27:499–507. doi: 10.1111/bpa.12433

125. Ben Hmidene A, Hanaki M, Murakami K, Irie K, Isoda H, Shigemori H.
Inhibitory activities of antioxidant flavonoids from tamarix gallica on amyloid
aggregation related to Alzheimer’s and type 2 diabetes diseases. Biol Pharm Bull.
(2017) 40:238–41. doi: 10.1248/bpb.b16-00801

126. de Bock M, Derraik JG, Brennan CM, Biggs JB, Morgan PE, Hodgkinson
SC, et al. Olive (Olea europaea L) leaf polyphenols improve insulin sensitivity in
middle-aged overweight men: a randomized, placebo-controlled, crossover trial.
PLoS ONE. (2013) 8:e57622. doi: 10.1371/journal.pone.0057622

127. Silveira AC, Dias JP, Santos VM, Oliveira PF, Alves MG, Rato L, et al. The
action of polyphenols in diabetes mellitus and Alzheimer’s disease: a common
agent for overlapping pathologies. Curr Neuropharmacol. (2019) 17:590–613.
doi: 10.2174/1570159x16666180803162059

128. Li W, Wang G, Lu X, Jiang Y, Xu L, Zhao X. Lycopene ameliorates renal
function in rats with streptozotocin-induced diabetes. Int J Clin Exp Pathol. (2014)
7:5008–15.

129. Yu L, Wang W, Pang W, Xiao Z, Jiang Y, Hong Y. Dietary
lycopene supplementation improves cognitive performances in tau
transgenic mice expressing P301L mutation via inhibiting oxidative
stress and tau hyperphosphorylation. J Alzheimers Dis. (2017)
57:475–82. doi: 10.3233/jad-161216

130. Gunasekara P, Hettiarachchi M, Liyanage C, Lekamwasam S. Effects of zinc
and multimineral vitamin supplementation on glycemic and lipid control in adult
diabetes. Diabetes Metab Syndr Obes. (2011) 4:53–60. doi: 10.2147/dmso.S16691

131. Barbagallo M, Dominguez LJ, Galioto A, Pineo A, Belvedere M. Oral
magnesium supplementation improves vascular function in elderly diabetic
patients.Magnes Res. (2010) 23:131–7. doi: 10.1684/mrh.2010.0214

132. Agrawal R, Gomez-Pinilla F. ‘Metabolic syndrome’ in the brain: deficiency
in omega-3 fatty acid exacerbates dysfunctions in insulin receptor signalling and
cognition. J Physiol. (2012) 590:2485–99. doi: 10.1113/jphysiol.2012.230078

133. Szuster-Ciesielska A, Plewka K, Daniluk J, Kandefer-Szerszeń M. Betulin
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Introduction: Trace element metabolism disorders are often secondary

to disorders of glucose metabolism in diabetes. Although 1α,25-

dihydroxyvitamin D3 [1,25(OH)2D3] could ameliorate abnormal glucose

metabolism in the development of diabetes, the effect on trace element

metabolism is unclear. The objective of this study was to evaluate the

influence of 1,25(OH)2D3 on urinary excretions of trace elements in Zucker

diabetic fatty (ZDF) rats.

Methods: At 6 weeks of age, male ZDF (n = 40) rats were subdivided into four

groups: diabetic model (ZDF), low-dose (ZDF + VL, 2 µg/kg·bw), middle-dose

(ZDF + VM, 8 µg/kg·bw) and high-dose (ZDF + VH, 16 µg/kg·bw) 1,25(OH)2D3

groups. Another 10 Zucker lean (ZL) rats served as a control group. All rats

were given vitamin D deficient Purina #5008 chow and the intervention

groups were given the corresponding dose of 1,25(OH)2D3 by gavage on

alternate days for 7 weeks. Microalbuminuria (MALB) and urinary creatinine

concentration were detected by a biochemical autoanalyzer. Urine trace

element concentrations were measured using inductively coupled plasma

mass spectrometry (ICP-MS) and were corrected by urinary creatinine.

Results: Throughout the intervention phase, MALB, UACR and urinary

creatinine levels in the ZDF group were significantly higher than those in

the ZL group, and showed a gradual increase with the prolongation of the

intervention time. These changes were reversed in a dose-dependent manner

after 1,25(OH)2D3 intervention (P < 0.05). Correspondingly, most of the

urinary trace element excretions in the ZDF rats were significantly increased
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compared with the ZL group, and 1,25(OH)2D3 intervention significantly

reduced the urinary copper (Cu), zinc (Zn), selenium (Se) and molybdenum

(Mo) levels in the ZDF rats (P < 0.05), especially in the medium and high dose

groups.

Conclusion: 1,25(OH)2D3 had improvement effects on urinary Cu, Zn, Se, and

Mo excretions in ZDF rats, suggesting that it may be related to the reduction

of diabetic renal impairment and renal oxidative damage.

KEYWORDS

1α,25-dihydroxyvitamin D3, diabetes, ZDF rats, renal function, urinary Cu, urinary Zn,
urinary Se, urinary Mo

Introduction

Type 2 diabetes mellitus (T2DM) is an endocrine metabolic
disease characterized by chronic hyperglycemia and has become
a global public health problem that poses a serious threat to
human health. According to the latest data published by the
International Diabetes Federation, 537 million adults aged 20–
79 years have diabetes worldwide in 2021, with a prevalence
of 10.5%, of which about 90% are T2DM (1). Among the
abovementioned diabetic patients, about 140.9 million are
from China, accounting for about a quarter of the global
figure. In addition, a nationally representative epidemiological
survey showed that the prevalence of diabetes among adults
in China was as high as 12.8% in 2017, much higher than
10.9% in 2013 (2). Therefore, the prevention and treatment
of T2DM is an important scientific problem that needs to be
addressed urgently.

Abnormal glucose metabolism is now recognized as
the most fundamental pathophysiological feature in the
development of T2DM (3). In addition, the relationship
between diabetes and disorders of trace element metabolism has
received much attention, largely because most trace elements
are involved in glucose metabolism as important components
of certain enzymes and hormones (4, 5). It has been shown
that trace element metabolism disorders in diabetic patients are
often secondary to disorders of glucose metabolism (6). Some
studies reported that whole blood levels of zinc, manganese,
and chromium were significantly lower while the urinary levels
of the same elements were found to be higher in the T2DM
patients than in their healthy age-matched counterparts (5).
Recent studies found that serum magnesium levels are decreased
and serum copper, zinc, and selenium levels are elevated in
patients with T2DM (6). In conclusion, we find that the results

Abbreviations: 1,25(OH)2D3, 1α,25-dihydroxyvitamin D3; MALB,
microalbuminuria; T2DM, type 2 diabetes mellitus; UACR, urea
microalbuminuria creatinine ratio; ZDF, Zucker diabetic fatty; ZL, Zucker
lean.

regarding the association of trace elements and the risk of T2DM
are inconsistent.

Vitamin D, an essential fat-soluble vitamin, is mostly
converted from 7-dehydrocholesterol in the skin by ultraviolet
light exposure. It further undergoes two hydroxylation reactions
in the liver and kidney to produce 1α,25-dihydroxyvitamin
D3 [1,25(OH)2D3] before becoming biologically active, and
active vitamin D exerts its physiological effects mainly through
binding to the Vitamin D Receptor (VDR) (7). Given that
VDR is widely distributed in most tissues and cells of the
body, vitamin D deficiency is not only associated with disorders
of calcium and phosphorus metabolism but also with cancer,
autoimmune diseases, metabolic and cardiovascular diseases
(diabetes, hypertension, renal diseases, etc.) (8, 9). Evidence
from numerous observational studies suggests that vitamin
D deficiency is prevalent in patients with T2DM and that
the incidence of diabetes is negatively correlated with serum
25(OH)D concentration (10–12). A cross-sectional study based
on a Chinese diabetic population showed that 83.5% of
patients with T2DM had vitamin D deficiency [serum 25(OH)D
concentration < 20 ng/mL], and the prevalence of vitamin D
deficiency was more severe in patients with combined diabetic
nephropathy than in those without diabetic nephropathy (93.1%
vs. 78.9%) (13).

To simulate vitamin D deficiency or insufficiency in
T2DM patients, Zucker diabetic fatty (ZDF) rats were fed
with vitamin D deficient Purina #5008 chow to establish
a vitamin D deficient T2DM animal model. Previous study
revealed that vitamin D deficiency accelerated and exacerbated
the dysregulation of glucose metabolism in non-obese T2DM
rats by increasing insulin resistance and that vitamin D
deficiency might be a key factor in the pathogenesis of T2DM
(14). The present study further focused on the key role
of 1,25(OH)2D3 supplementation in a vitamin D deficient
model of diabetes. No evidence is available regarding the
effect of vitamin D supplementation on urinary trace element
metabolism in diabetes. The aim of the present study is to
clarify whether 1,25(OH)2D3 supplementation has a protective
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effect against disorders of trace element excretion in vitamin
D-deficient ZDF rats.

Materials and methods

Chemicals

1,25(OH)2D3 (purity ≥ 97%) was obtained from Cayman
Chemical (Item No. 71820, USA). Microalbuminuria (MALB)
and creatinine assay kits were supplied by Shenzhen Mindray
Biomedical Electronics Co., Ltd. (Shenzhen, China), which were
used via an automatic biochemical analyzer (BS-200, Mindray,
Shenzhen, China). All other reagents were analytical grade.

Animals and diets

Five-week-old male ZDF (n = 40) rats and age-matched male
Zucker lean (ZL; n = 10) rats from Charles River Laboratory
(Beijing, China) were maintained on the vitamin D-deficient
Purina 5008 chow (500 IU vitamin D3/kg) and tap water
ad libitum. Animals were kept on a regular 12:12 h light-
dark cycle at a controlled temperature (22 ± 2◦C) and relative
humidity (55 ± 5%). All experimental procedures involving
animals complied with the Regulations on the Administration
of Laboratory Animals in China and were approved by
the Animal Ethical Committee of Tongji Medical College
(Approval NO. S432).

Study design

At the age of 6 weeks, male ZDF rats were subdivided
into four groups (n = 10): diabetic model (ZDF), low-
dose (ZDF + VL, 2 µg/kg·bw), middle-dose (ZDF + VM,
8 µg/kg·bw), and high-dose (ZDF + VH, 16 µg/kg·bw)
1,25(OH)2D3 groups. Another 10 ZL rats served as a control
group. 1,25(OH)2D3 was dissolved in corn oil and administered
by gavage on alternate days for 7 weeks. The vehicle groups (ZL
and ZDF) were only gavaged with corn oil.

Sample collection

At the treatment of 1,4,6,7 weeks, the Zucker rats were
housed in metabolic cages and their 24 h urine was dynamically
collected at least 3 mL per rat to detect indicators of renal
function and minerals. Sodium azide was added to all urine
samples at a volume ratio of 10 µL/mL before freezing to
protect the urine samples from contamination. When fasting
blood glucose (FBG) ≥ 16.7 mmol/L, the model of diabetes
was established. At the end of the experiment, the rats were

weighed after an overnight fast of 8 h. Blood was collected from
the eyes, serum was obtained at least 1 mL per rat from blood
samples that has been left at room temperature for 2 h and then
centrifuged at 4,000 r/min for 15 min, and the kidneys were
removed and weighed. All samples were stored at –80◦C for
subsequent processing.

Determination of serum biochemical
parameters

FBG was measured by glucose oxidase method according
to the manufacturer’s instructions (Biosino Bio-technology and
Science Inc., Beijing, China). Serum fasting insulin (FINS)
was assayed by double antibody sandwich ELISA using
corresponding kit (Millipore Corporation, Billerica, USA).
HOMA-IR and HOMA-β were calculated from fasting blood
glucose and fasting serum insulin levels with the following
formulae:

HOMA− IR = (FINS × FBG)/22.5;

HOMA− β = (20 × FINS)/(FBG− 3.5) (15, 16).

Serum triglyceride (TG) concentration was detected by
phosphoglyceride oxidase-peroxidase method (GPO-PAP). The
levels of total cholesterol (TC), low density lipoprotein
cholesterol (LDL-C) and high density lipoprotein cholesterol
(HDL-C) in serum were measured by the cholesterol oxidase-
peroxidase method (CHOD-PAP). The assay kits of lipid
indicators mentioned above were supplied by Biosino Bio-
technology and Science Inc. Serum adiponectin was detected
using ELISA kit (R&D Systems Inc., Minneapolis, USA). All
procedures were carried out in strict accordance with the
manufacturer’s protocol.

Analysis of renal function indicators

24 h urinary collections were taken at 1, 4, 6, and 7 weeks
of treatment, respectively. MALB and urinary creatinine
concentration were detected by a Mindray BS-200 biochemical
autoanalyzer. Subsequently, urea microalbuminuria
creatinine ratio (UACR) was calculated via the
following equation:

UACR(µg/mg) = MALB/(Urine creatinine × 113).

Measurement of trace element
concentration in urine

Twenty-four hour urine samples were collected at 1, 4,
6, and 7 weeks of treatment and stored at –80◦C for the
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FIGURE 1

Effects of 1,25(OH)2D3 on the body weight, food intake, and kidney index in Zucker rats. (A) Variation trends of body weight as weeks of
1,25(OH)2D3 treatment. (B) Total food intake. (C) Kidney weight. (D) Kidney index. ZL, Zucker lean group; ZDF, Zucker diabetic fatty group;
ZDF + VL, ZDF + low-dose 1,25(OH)2D3 group (2 µg/kg·bw); ZDF + VM, ZDF + middle-dose 1,25(OH)2D3 group (8 µg/kg·bw); ZDF + VH,
ZDF + high-dose 1,25(OH)2D3 group (16 µg/kg·bw). Data are presented as mean ± SD (n ≥ 7). aP < 0.05 vs. the ZL group, bP < 0.05 vs. the ZDF
group.

TABLE 1 Effects of 1,25(OH)2D3 on insulin sensitivity and parameters of lipid metabolism in Zucker rats.

Groups ZL ZDF ZDF + VL ZDF + VM ZDF + VH

FBG (mmol/L) 4.39± 0.40 17.26± 3.17a 10.05± 2.43b 6.34± 0.36b 6.77± 0.43b

FINS (mIU/L) 14.48± 5.80 245.97± 69.79a 439.95± 190.94 334.39± 99.56 225.89± 65.58

HOMA-IR 3.02± 1.59 205.08± 46.99a 213.18± 55.88 77.05± 13.66b 69.73± 19.94b

HOMA-β 298.48± 23.25 364.83± 195.55 1121.19± 680.80b 2456.62± 706.73b 1381.12± 325.43b

Serum TG (mmol/L) 2.80± 0.83 11.12± 4.05a 12.50± 4.21 6.97± 1.50b 5.75± 1.28b

Serum TC (mmol/L) 3.02± 0.13 4.47± 0.48a 4.25± 0.70 4.13± 0.52 3.99± 0.44

Serum HDL-C (mmol/L) 0.43± 0.13 0.40± 0.10 0.44± 0.16 0.24± 0.05b 0.26± 0.07b

Serum LDL-C (mmol/L) 1.19± 0.12 1.79± 0.23a 1.69± 0.51 1.66± 0.30 1.59± 0.49

Serum adiponectin (ng/mL) 7.46± 1.15 5.52± 1.12a 5.61± 1.42 8.13± 1.62b 9.29± 1.92b

ZL, Zucker lean group; ZDF, Zucker diabetic fatty group. ZDF + VL, ZDF + low-dose 1,25(OH)2D3 group (2 µg/kg·bw); ZDF + VM, ZDF + middle-dose 1,25(OH)2D3 group (8 µg/kg·bw);
ZDF + VH, ZDF + high-dose 1,25(OH)2D3 group (16 µg/kg·bw). Data are presented as the mean ± SD (n ≥ 4). aP < 0.05 vs. the ZL group, bP < 0.05 vs. the ZDF group using one
way ANOVA tests.

dynamic analysis of urinary trace element excretion. Firstly,
the urine samples were centrifuged at 4,000 rpm, 4◦C for
10 min before being diluted. We mixed 400 µL urine sample
and 20 µL of 60% nitric acid solution together and placed
them in a refrigerator at 4◦C for overnight acidification. Then
added 3,580 µL of 1% nitric acid solution to dilute the urine

sample 10 times. After centrifuging at 4,000 rpm, 4◦C for
10 min, the urine samples were assayed. All samples were
measured in triplicate.

Urinary trace element concentrations in the studied samples
were detected by inductively coupled plasma mass spectrometer
(ICP-MS) at Agilent 7700 (Agilent Technologies, Tokyo, Japan).
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The obtained data on urinary trace element contents were
corrected with urine creatinine concentration and expressed as
µ g/g UCR.

Statistical analysis

Data of urine metal concentration were displayed as
mean ± SEM or median (IQR). If the data obeyed normal
distribution, the statistical significance of comparisons
between multiple groups was analyzed by one-way ANOVA,
followed by the Least Significant Difference (LSD) multiple
range test if the variances were constant, otherwise the
Dunnett’s T3 procedure. If the data didn’t follow a normal
distribution, we performed a non-parametric (Kruskal-Wallis
H) test. All statistical analyses were conducted by SPSS
21.0. P-value < 0.05 was considered to show a statistically
significant difference.

Results

1,25(OH)2D3 decreases body weight
and kidney index in diabetic rats

ZDF rats were fed with Purina #5008 chow for 7 weeks to
establish a spontaneous T2DM rat model, and 1,25(OH)2D3

was administered at the same time. As shown in Figure 1,
there was no significant difference in the initial body weight
(week 0) of the rats in each group. With the prolongation
of the intervention time, the body weight of the rats in each
group gradually increased. From the first week of intervention
to the end of the experiment, the body weight of the rats in
the diabetes group (ZDF) was significantly higher than that in
the control group (ZL). While the body weight of the rats in
the high-dose 1,25(OH)2D3 intervention group (ZDF + VH)
was significantly lower than that in the ZDF group (P < 0.05).
At the 7th week of intervention, the body weight of the rats in
the ZDF group increased by 28% compared with the ZL group,
while compared with the ZDF group, the figure decreased by
18% in the ZDF + VH group (P < 0.05). Meanwhile, the results
showed that the weight of kidneys and kidney index in the ZDF
group were significantly increased compared with those in the
ZL group, and the 1,25(OH)2D3 dose groups effectively reversed
the above changes.

1,25(OH)2D3 improves insulin
sensitivity and lipid metabolism in
diabetic rats

As shown in Table 1, the levels of fasting blood glucose,
serum insulin, and HOMA-IR in the ZDF group were

significantly higher than those in the ZL group. Although the
serum insulin in each 1,25(OH)2D3 intervention group was
at a high level, the fasting blood glucose and HOMA-IR in
each dose group were significantly lower than those in the
ZDF group, and the function of HOMA-β was significantly
enhanced (P < 0.05). It indicated that 1,25(OH)2D3 played
an important role in increasing insulin sensitivity, and the
improvement effect was most promising in the middle and high
dose groups.

Compared with the ZL group, the serum TG, TC, and
LDL-C levels of the ZDF group were increased by 297,
48, and 50%, respectively (P < 0.05). On the contrary,
the serum TG levels of the ZDF + VM and ZDF + VH
groups were decreased by 37 and 48% than the ZDF group
(P< 0.05), meanwhile the serum TC and LDL-C concentrations
showed a dose-dependent decrease. Adiponectin is an adipokine
produced by adipose tissue, which is involved in glucose
and lipid metabolism and inflammatory response. The serum
adiponectin level in the ZDF group was 26% lower than
that in the ZL group (P < 0.05). However, the serum
adiponectin levels in the ZDF + VM and ZDF + VH groups
were increased by 47 and 68%, respectively, compared with
the ZDF group (P < 0.05). The above results indicate that
medium and high doses of 1,25(OH)2D3 supplementation
can improve the abnormal lipid metabolism in spontaneous
diabetic rats, and its lipid-lowering effect is mainly manifested
by a significant reduction in TG levels and an increase in
adiponectin levels.

1,25(OH)2D3 alleviates renal function
damage in diabetic rats

To investigate whether 1,25(OH)2D3 has a nephroprotective
effect on ZDF rats, we used UACR and urinary creatinine
levels as indicators to evaluate the progress of DN. As
shown in Figure 2, the MALB, UACR, and urine creatinine
contents in the ZDF group were significantly higher than
those in the ZL group during the whole intervention period,
and the gap was gradually widened with the extension
of the intervention time. These changes were reversed in
a dose-dependent manner after 1,25(OH)2D3 intervention
(P < 0.05).

Effect of 1,25(OH)2D3 on the
disturbance of urinary trace element
metabolism in diabetic rats

Effect of 1,25(OH)2D3 on urinary trace
elements in spontaneously diabetic rats at 1st
week of intervention

In this study, 23 trace element concentrations in urine were
dynamically determined by ICP-MS and corrected with urinary

Frontiers in Nutrition 05 frontiersin.org

101100

https://doi.org/10.3389/fnut.2022.1042558
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/


fnut-09-1042558 November 30, 2022 Time: 14:13 # 6

Wang et al. 10.3389/fnut.2022.1042558

FIGURE 2

Variation trend of renal function indicators as weeks of 1,25(OH)2D3 treatment. (A,B) Four hour-MALB and 24 h-MALB contents. (C,D) Four
hour-UACR and 24 h-UACR contents. (E) Four hour-Urine creatinine content. ZL, Zucker lean group; ZDF, Zucker diabetic fatty group; ZDF + VL,
ZDF + low-dose 1,25(OH)2D3 group (2 µg/kg·bw); ZDF + VM, ZDF + middle-dose 1,25(OH)2D3 group (8 µg/kg·bw); ZDF + VH, ZDF + high-dose
1,25(OH)2D3 group (16 µg/kg·bw). Data are presented as mean ± SD (n ≥ 4). aP < 0.05 vs. the ZL group, bP < 0.05 vs. the ZDF group.

creatinine concentrations in µg/g UCR, except Tl, Sb, Cd, Sn,
and U which were in ng/g UCR. As seen in Table 2, at 1 week of
intervention, urinary levels of Cu, Zn, Se, Mo, As, W, Ti, Co, Cr,
Ni, Sr, and Cd were significantly increased in the ZDF group of
rats compared to the ZL group, and 1,25(OH)2D3 intervention
increased the levels of Se, Tl, Ti, Cr, Al, Mn, Sr, Cd, and Ba in
urine compared with the ZDF group (P < 0.05).

Effect of 1,25(OH)2D3 on urinary trace
elements in spontaneously diabetic rats at 4th
week of intervention

As seen from Table 3, after 4 weeks of intervention, the
urinary levels of Zn, Se, Mo, As, Rb, V, W, Tl, Ti, Co, Cr,
Ni, Sb, Al, Fe, Mn, Cd, Ba, and U in the ZDF group of rats
were significantly increased compared to the ZL group. And
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TABLE 2 Effects of 1,25(OH)2D3 on urine metal concentration of Zucker rats in the first week of treatment.

Metals (µg/g UCR) ZL ZDF ZDF + VL ZDF + VM ZDF + VH

Cu 184.66± 4.98 243.81± 7.83a 235.21± 10.60 223.87± 10.49 240.28± 13.10

Zn 143.93± 23.21 245.87± 13.42a 262.43± 19.72 231.91± 7.81 240.25± 25.49

Se 7.24± 0.18 13.18± 0.67a 17.03± 0.59b 16.07± 0.88 18.21± 1.27b

Mo 261.38± 5.96 411.78± 10.95a 406.63± 12.99 366.08± 27.50 375.01± 19.52

As 13.72± 0.43 17.43± 0.45a 17.33± 0.68 17.57± 0.96 18.51± 0.60

Rb 1084.69± 48.47 2081.95± 57.83 2425.84± 56.45 2420.95± 85.33 2519.00± 93.90

V 1.19± 0.10 1.81± 0.17 1.98± 0.21 1.99± 0.24 2.31± 0.20

W 0.47± 0.02 0.59± 0.02a 0.58± 0.03 0.53± 0.03 0.60± 0.03

Tl 124.98± 11.40 269.56± 9.72 350.71± 10.55 359.09± 18.41 373.69± 15.00b

Ti 4.07 (2.25,10.63) 38.98 (30.55,44.30)a 68.39 (49.09,77.64)b 85.09 (66.89,104.78)b 100.73 (79.98,122.21)b

Co 2.67 (2.16,2.73) 4.54 (3.97, 4.91)a 5.44 (4.70, 5.72) 4.34 (4.15, 5.18) 5.03 (4.14, 6.16)

Cr 0.81 (0.56, 0.95) 1.81 (1.37, 2.50)a 2.72 (2.05, 3.58)b 2.34 (2.04, 2.86) 2.57 (2.01, 3.71)b

Ni 8.59± 1.62 21.23± 2.19a 25.62± 3.76 23.62± 2.02 25.84± 2.50

Sb 116.02± 9.58 127.94± 5.35 112.14± 7.09 116.71± 12.61 115.42± 6.31

Al 13.39± 2.30 21.09± 1.60 24.39± 3.82 24.93± 2.69 30.86± 3.10b

Fe 32.51± 8.11 67.53± 5.85 86.59± 13.06 96.44± 9.82 90.59± 15.47

Mn 11.36± 2.28 32.76± 5.64 67.74± 17.01 138.94± 10.38b 116.47± 27.24

Sr 91.06± 6.55 182.34± 13.14a 254.26± 18.75 329.87± 21.10b 356.21± 24.34b

Cd 180.81± 7.34 244.99± 9.17a 277.64± 14.74 299.18± 22.50b 302.94± 17.47b

Sn 169.89± 20.65 123.69± 11.00 101.14± 10.18 111.74± 18.96 95.51± 7.48

Ba 6.74 (5.86, 9.34) 8.85 (6.87, 9.29) 11.62 (8.19, 17.08) 18.68 (15.40, 21.96)b 18.35 (12.31, 25.70)b

Pb 0.40± 0.05 0.37± 0.07 0.42± 0.08 0.32± 0.07 0.21± 0.03

U 263.85± 34.25 134.44± 13.09 100.12± 8.90 110.48± 8.09 108.60± 11.88

ZL, Zucker lean group; ZDF, Zucker diabetic fatty group. ZDF + VL, ZDF + low-dose 1,25(OH)2D3 group (2 µg/kg·bw); ZDF + VM, ZDF + middle-dose 1,25(OH)2D3 group (8 µg/kg·bw);
ZDF + VH, ZDF + high-dose 1,25(OH)2D3 group (16 µg/kg·bw). The unite of Tl, Sb, Cd, Sn and U was expressed as ng/g UCR. Data are presented as mean ± SEM or median (IQR)
(n ≥ 8). aP < 0.05 vs. the ZL group, bP < 0.05 vs. the ZDF group using one way ANOVA tests.

the urinary levels of Se, Mo, As, Rb, W, Ni, Sb, Sn, and U
after 1,25(OH)2D3 intervention were significantly decreased
compared to the ZDF group, while Sr and Ba levels were
increased compared to the ZDF group (P < 0.05).

Effect of 1,25(OH)2D3 on urinary trace
elements in spontaneously diabetic rats at 6th
week of intervention

As seen from Table 4, after 6 weeks of intervention, the
urinary levels of Cu, Zn, Se, Mo, As, Rb, V, W, Tl, Ti, Co,
Cr, Ni, Sb, Al, Fe, Mn, Cd, Sn, Pb, and U in the ZDF group
of rats were significantly increased compared to the ZL group.
And the urinary levels of Cu, Zn, Mo, As, Rb, Cr, and U after
1,25(OH)2D3 intervention decreased compared with the ZDF
group, while Sr level increased compared with the ZDF group
(P < 0.05).

Effect of 1,25(OH)2D3 on urinary trace
elements in spontaneously diabetic rats at 7th
week of intervention

As can be seen from Table 5, after 7 weeks of intervention,
the urinary levels of Cu, Zn, Se, Mo, As, Rb, V, W, Tl, Ti, Co,
Cr, Ni, Sb, Al, Fe, Mn, Cd, and Sn in the ZDF group of rats
were significantly increased compared to the ZL group, and the
urinary levels of Cu, Zn, Se, Mo after 1,25(OH)2D3 intervention

decreased compared to the ZDF group, while Sr level increased
compared to the ZDF group after 1,25(OH)2D3 intervention
(P < 0.05).

Dynamic analysis of copper, zinc, selenium,
and molybdenum levels in the urine of
spontaneously diabetic rats and the effect of
1,25(OH)2D3 intervention

From Tables 2–5, it was found that the trend of Cu, Zn,
Se, and Mo levels in the urine of spontaneously diabetic rats
after 1,25(OH)2D3 intervention was the most obvious. These
four trace elements were thus plotted to visualize their dynamic
changes with the extension of the intervention time. As shown
in Figures 3A–D, the urinary levels of Cu, Zn, Se, and Mo
in the ZDF group increased significantly (P < 0.05) compared
with the ZL group at 1st week of intervention. At 4th week
of intervention, the urinary levels of Cu, Zn, Se, and Mo in
rats in each dose group of 1,25(OH)2D3 showed a tendency
to decrease compared with the ZDF group. And with the
extension of the intervention time, the differences of the above
four urinary trace elements levels in the rats of ZDF + VM
and ZDF + VH groups gradually increased compared with the
ZDF group, which to some extent coincided with the trend
of urine volume. Additionally, we also measured the urinary
levels of calcium (Ca) and magnesium (Mg). As displayed in
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TABLE 3 Effects of 1,25(OH)2D3 on urine metal concentration of Zucker rats in the fourth week of treatment.

Metals (µg/g UCR) ZL ZDF ZDF + VL ZDF + VM ZDF + VH

Cu 124.73± 6.21 175.24± 11.69 227.33± 15.93 180.33± 16.62 155.38± 12.27

Zn 78.98± 4.09 323.70± 13.83a 324.78± 18.42 251.30± 20.77 210.64± 25.16

Se 7.23± 0.48 17.27± 1.10a 18.13± 1.23 14.58± 0.64b 13.19± 0.44b

Mo 179.97± 9.65 246.72± 12.79a 280.37± 17.30 214.16± 11.76 178.17± 7.08b

As 10.26± 0.42 14.22± 0.67a 16.14± 0.79b 14.13± 0.72 12.35± 0.38b

Rb 758.61± 39.41 1658.90± 65.63a 1756.48± 89.96 1507.59± 76.31 1357.63± 62.20b

V 0.81± 0.07 1.77± 0.07a 2.15± 0.23 1.64± 0.12 1.64± 0.13

W 0.30± 0.01 0.44± 0.02a 0.48± 0.02 0.42± 0.02 0.37± 0.01b

Tl 79.94± 7.82 247.06± 11.55a 278.67± 12.78 235.41± 10.79 226.95± 9.71

Ti 15.86± 1.89 68.61± 4.20a 95.10± 6.37 74.15± 4.33 63.86± 3.42

Co 1.61± 0.13 2.71± 0.16a 3.72± 0.27 2.95± 0.24 2.43± 0.14

Cr 1.01 (0.81,1.45) 3.64 (2.85, 4.77)a 2.99 (2.04, 4.19) 1.78 (1.54, 3.07) 2.39 (1.63, 2.96)

Ni 7.05 (5.76, 7.79) 22.86 (22.13, 25.07)a 23.92 (17.44, 32.54) 17.17 (13.62, 20.68) 15.78 (13.17, 19.29)b

Sb 64.24± 4.06 122.21± 5.96a 129.47± 10.90 88.16± 6.85b 83.05± 6.71b

Al 16.28± 1.15 47.98± 3.08a 45.80± 6.62 40.69± 3.66 41.22± 4.70

Fe 37.00 (30.06, 42.73) 160.15 (130.83, 187.32)a 157.40 (118.70, 234.62) 143.06 (103.51, 232.23) 130.34 (104.25, 301.02)

Mn 7.82± 0.80 136.11± 14.05a 176.39± 20.69 191.75± 25.01 178.98± 28.79

Sr 35.38± 2.08 82.67± 3.98 240.48± 23.86b 223.33± 19.04b 171.14± 15.84

Cd 107.04± 5.34 200.58± 12.13a 262.67± 20.53 225.79± 20.18 213.79± 20.61

Sn 203.23± 16.88 193.63± 19.15 141.30± 13.97 97.07± 3.83b 85.28± 6.63b

Ba 3.93± 0.43 11.13± 0.40a 19.86± 2.24b 20.48± 1.56b 19.81± 2.05b

Pb 0.20 (0.16, 0.30) 0.46 (0.24, 0.65) 0.26 (0.16, 0.90) 0.19 (0.14, 0.49) 0.33 (0.11, 0.63)

U 201.42± 13.23 270.76± 19.36a 160.84± 18.68b 173.86± 17.90b 186.53± 24.42b

ZL, Zucker lean group; ZDF, Zucker diabetic fatty group. ZDF + VL, ZDF + low-dose 1,25(OH)2D3 group (2 µg/kg·bw); ZDF + VM, ZDF + middle-dose 1,25(OH)2D3 group (8 µg/kg·bw);
ZDF + VH, ZDF + high-dose 1,25(OH)2D3 group (16 µg/kg·bw). The unite of Tl, Sb, Cd, Sn, and U was expressed as ng/g UCR. Data are presented as mean ± SEM or median (IQR)
(n ≥ 9). aP < 0.05 vs. the ZL group, bP < 0.05 vs. the ZDF group using one way ANOVA tests.

Figures 3E,F, the urinary levels of Ca and Mg in the ZDF
group increased compared with the ZL group during the whole
intervention, but the differences were not significant for urinary
Ca. Relatively, the urinary levels of Ca and Mg in rats in each
dose group of 1,25(OH)2D3 maintained high levels even upper
than the ZDF group.

Discussion

The present study provides evidence that 1,25(OH)2D3

improves kidney index, insulin sensitivity, abnormal glucose
and lipid metabolism, renal function injury and urine trace
element metabolism disorder in spontaneous diabetic rats. We
found that spontaneous diabetes could lead to renal function
damage by increasing MALB, UACR, urine creatinine contents,
and exacerbate the disorder of most trace elements in urine. As
predicted, we showed that 1,25(OH)2D3 treatment significantly
attenuated renal damage and decreased urine Cu, Zn, Se,
and Mo contents. However, given that there are few studies
on vitamin D reducing urinary trace elements in diabetic
patients or models, more studies are needed to confirm this
conclusion in the future.

Evidence has reported that MALB is a marker of early
kidney damage in DN. In our study, the continuous increase

of MALB content confirmed the occurrence and development
of renal dysfunction in spontaneous diabetic rats, accompanied
by the continuous increase of UACR and urinary creatinine
content. Importantly, treatment with 1,25(OH)2D3 decreased
the impairment of renal function. Similarly, 1,25(OH)2D3 has
been reported to ameliorate renal dysfunction in rats with
chronic renal failure (17) or may contribute to delay the
deterioration in glomerular function and reduce the occurrence
of ESRD in patients with diabetes (18). Besides, our previous
research has revealed the positive effect of 1,25(OH)2D3 on
renal morphological, pathological changes and oxidative stress
damage (19). Considering that trace elements are closely related
to diabetes, the levels of trace elements in urine were further
detected. It was found that the metabolism of trace elements
in the urine of spontaneous diabetic rats was disordered, and
the intervention of 1,25(OH)2D3 could significantly reverse the
urinary Cu, Zn, Se, and Mo contents of ZDF rats. The results
also suggested that the disturbance of trace element metabolism
in ZDF rats might be related to kidney damage.

Both a cross-sectional study and a multisite, multiethnic
cohort study indicated that increased urinary excretion of
zinc was associated with elevated risk of diabetes (20, 21).
Some scholars have studied the effect of STZ-induced insulin-
dependent diabetes on urinary excretion of zinc, copper and
iron, and found that the onset of diabetes symptoms was
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TABLE 4 Effects of 1,25(OH)2D3 on urine metal concentration of Zucker rats in the sixth week of treatment.

Metals (µg/g UCR) ZL ZDF ZDF + VL ZDF + VM ZDF + VH

Cu 109.08± 5.42 199.31± 14.34a 164.56± 11.00b 142.63± 8.53b 166.97± 6.29b

Zn 62.54± 2.22 393.50± 27.54a 313.71± 29.80 250.58± 23.82b 257.75± 26.79b

Se 6.26± 0.31 22.07± 2.02a 18.83± 1.75 14.79± 0.69 16.03± 0.80

Mo 148.06± 8.49 233.96± 10.46a 207.62± 10.57 178.25± 6.12b 166.84± 12.83b

As 9.26± 0.39 15.88± 0.92a 15.58± 0.81 12.88± 0.54b 12.11± 0.85b

Rb 668.60± 25.85 1773.86± 84.74a 1646.44± 78.37 1359.78± 51.40 1161.21± 104.14b

V 0.85 (0.79, 1.04) 2.25 (1.61, 3.25)a 2.01 (1.49, 2.56) 1.63 (1.51, 2.08) 2.10 (1.48, 2.76)

W 0.23± 0.01 0.47± 0.04a 0.45± 0.03 0.37± 0.01 0.35± 0.04

Tl 56.24± 4.08 261.25± 15.29a 245.89± 12.34 225.46± 12.09 203.13± 15.32

Ti 12.42± 1.15 73.87± 5.19a 90.49± 8.03 74.94± 3.53 72.49± 7.36

Co 1.62± 0.05 3.12± 0.25a 3.16± 0.29 2.69± 0.09 2.64± 0.30

Cr 0.71± 0.04 4.84± 0.76a 3.22± 0.48 1.83± 0.25b 2.04± 0.22

Ni 7.87± 0.65 33.84± 3.91a 29.32± 4.40 19.95± 1.83 21.00± 3.89

Sb 33.89± 1.85 118.03± 11.32a 90.52± 3.30 80.52± 5.90 84.91± 8.67

Al 13.09± 0.99 67.87± 9.30a 53.41± 9.35 38.68± 4.85 43.17± 7.43

Fe 37.26 (32.80, 49.50) 194.24 (142.57, 285.08)a 180.67 (125.17, 217.62) 153.23 (106.00, 355.21) 263.92 (111.32, 390.51)

Mn 4.62± 0.48 238.38± 29.77a 258.95± 45.63 279.53± 42.50 320.14± 68.20

Sr 29.53± 1.63 95.48± 4.76 197.15± 16.00 218.55± 16.94b 247.38± 24.49b

Cd 76.57± 4.04 201.91± 16.74a 235.17± 25.16 238.33± 19.34 258.73± 38.69

Sn 32.72± 1.40 165.66± 26.52a 94.59± 12.36 76.02± 6.63 92.63± 16.55

Ba 2.51± 0.23 12.89± 1.31 18.37± 1.45 20.30± 1.34 20.12± 2.18

Pb 0.13± 0.01 0.84± 0.22a 0.41± 0.11 0.33± 0.09 0.38± 0.07

U 156.91± 10.00 261.99± 22.49a 148.10± 18.01b 201.41± 35.95 226.30± 32.70

ZL, Zucker lean group; ZDF, Zucker diabetic fatty group. ZDF + VL, ZDF + low-dose 1,25(OH)2D3 group (2 µg/kg·bw); ZDF + VM, ZDF + middle-dose 1,25(OH)2D3 group (8 µg/kg·bw);
ZDF + VH, ZDF + high-dose 1,25(OH)2D3 group (16 µg/kg·bw). The unite of Tl, Sb, Cd, Sn, and U was expressed as ng/g UCR. Data are presented as mean ± SEM or median (IQR)
(n ≥ 9). aP < 0.05 vs. the ZL group, bP < 0.05 vs. the ZDF group using one way ANOVA tests.

associated with a rapid and sustained increase in the daily
excretion of these three trace elements in urine, which was
significantly reduced by insulin treatment (22). Combined with
our study, it can be indicated that 1,25(OH)2D3 intervention
can achieve the efficacy of insulin therapy to a certain extent.
Another study indicated that diabetes can alter levels of copper,
zinc, magnesium, and lipid peroxidation, and it also highlighted
that disturbance in mineral metabolism was more pronounced
in diabetic patients with specific complications (23). Gong later
suggested that an imbalance in copper homeostasis may be a
key event in triggering the development of diabetic nephropathy
(24). Our present study further found that 1,25(OH)2D3 may
reduce diabetic kidney injury by restoring urinary copper levels.

Currently, urinary trace element levels are expressed in
different ways. Data from a study in Northeast China showed
an increase in urinary Zn levels, a decrease in the Zn/Cu ratio,
and a decrease in urinary Se levels in patients with T2DM
(25). A cross-sectional study has indicated significantly higher
urinary Zn levels and no significant changes in urinary Cu,
Mo, and Se levels in diabetic patients as compared to healthy
subjects (26). However, it is worth noting that these studies
present trace element concentrations rather than contents. In
a STZ-induced mild diabetic rat model, 24-h urinary excretion
of zinc, copper, iron, calcium, and magnesium was found to
be positively correlated with urine volume (27), whose daily

mineral excretion was determined by multiplying the daily urine
volume by the concentration of each mineral in the urine. In
most studies, however, such results are calculated by the ratio
of the concentration of minerals in urine to the concentration
of urinary creatinine. Our research used the latter method,
while suggesting that the excretions of minerals in urine were
proportional to the amount of urine. The reason could be that
hyperglycemia may cause hyperosmolar urine or impair tubular
reabsorption of trace elements which may further hamper
tubular function and lead to hyperfiltration.

In a STZ-induced diabetic rat model, it showed increased
levels of Fe and Cu and decreased levels of Zn and Mg
in liver and kidney tissues, decreased contents of 24 h
urinary Cu and increased contents of 24 h urinary Zn
and Mg (28). This study suggests that impaired trace
element metabolism may be associated with disturbances
in oxidative homeostasis in liver and kidney tissues. More
importantly, vitamin D supplementation modulated blood
and tissue zinc concentrations, hepatic glutathione, and
blood biochemical parameters in diabetic rats (29). However,
studies on whether vitamin D supplementation modulates
urinary trace elements in diabetic rats are relatively rare.
Compared with previous studies, this study used ICP-
MS to dynamically detect the concentrations of more
than 20 trace elements in urine, and at the same time
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TABLE 5 Effects of 1,25(OH)2D3 on urine metal concentration of Zucker rats in the seventh week of treatment.

Metals (µg/g UCR) ZL ZDF ZDF + VL ZDF + VM ZDF + VH

Cu 83.46± 4.68 165.69± 6.73a 129.57± 12.55b 115.86± 8.45b 138.64± 6.27b

Zn 58.34± 5.06 364.47± 26.67a 289.48± 34.78 182.51± 17.71b 176.57± 9.78b

Se 6.24± 0.31 23.44± 2.34a 18.68± 1.98 12.46± 0.63b 12.97± 0.58b

Mo 134.93± 6.24 211.04± 6.79a 204.13± 12.74 179.93± 5.14b 176.77± 10.52b

As 8.03± 0.30 14.30± 0.94a 13.40± 0.80 11.49± 0.39 12.15± 0.34

Rb 593.46± 20.74 1689.40± 58.11a 1551.81± 106.79 1503.00± 50.90 1520.98± 76.37

V 0.83± 0.07 1.89± 0.18a 1.58± 0.12 1.71± 0.19 2.29± 0.21

W 0.21± 0.01 0.41± 0.03a 0.36± 0.03 0.35± 0.01 0.36± 0.02

Tl 42.80± 2.83 244.11± 8.85a 247.83± 12.76 219.54± 3.50 223.77± 12.35

Ti 6.50± 1.27 63.26± 4.70a 65.23± 5.03 50.09± 2.19 50.38± 2.63

Co 1.12± 0.07 2.63± 0.20a 2.72± 0.28 2.17± 0.12 2.31± 0.04

Cr 0.65± 0.06 3.67± 0.74a 1.83± 0.37 1.25± 0.14 2.42± 0.52

Ni 5.60 (4.71, 7.29) 24.44 (18.16, 31.77)a 16.58 (13.18, 21.17) 12.87 (11.31, 18.29) 17.94 (15.56, 21.99)

Sb 28.43± 1.66 75.25± 9.27a 74.19± 7.07 69.79± 5.04 83.22± 6.63

Al 8.79± 0.94 48.90± 5.65a 35.03± 7.34 31.14± 5.84 39.99± 5.72

Fe 26.08± 3.76 151.82± 13.84a 140.00± 11.97 143.16± 15.32 223.45± 23.37

Mn 4.47± 0.79 189.60± 17.49a 200.76± 23.82 169.96± 14.34 227.92± 22.15

Sr 25.64± 1.95 93.12± 5.09 163.37± 6.59b 139.96± 13.47 143.47± 10.97

Cd 68.60± 2.47 169.88± 9.64a 190.23± 12.46 176.55± 13.37 187.58± 9.15

Sn 23.10 (20.84, 24.77) 55.44 (37.00, 80.77)a 63.84 (45.82, 104.49) 48.76 (43.89, 55.70) 52.79 (46.52, 66.67)

Ba 1.75± 0.18 10.46± 0.73 15.26± 0.93 14.22± 1.21 15.05± 1.58

Pb 0.11 (0.08, 0.17) 0.25 (0.16, 0.49) 0.12 (0.10, 0.30) 0.11 (0.09, 0.17) 0.29 (0.16, 0.78)

U 124.09± 13.98 172.70± 20.56 111.73± 8.90 157.34± 15.67 191.45± 24.99

ZL, Zucker lean group; ZDF, Zucker diabetic fatty group. ZDF + VL, ZDF + low-dose 1,25(OH)2D3 group (2 µg/kg·bw); ZDF + VM, ZDF + middle-dose 1,25(OH)2D3 group (8 µg/kg·bw);
ZDF + VH, ZDF + high-dose 1,25(OH)2D3 group (16 µg/kg·bw). The unite of Tl, Sb, Cd, Sn and U was expressed as ng/g UCR. Data are presented as mean ± SEM or median (IQR)
(n ≥ 9). aP < 0.05 vs. the ZL group, bP < 0.05 vs. the ZDF group using one way ANOVA tests.

normalized and corrected the concentration of urine
creatinine. It has made a comprehensive and systematic
evaluation of the preventive effect of 1,25(OH)2D3 on urinary
trace elements disorders in diabetic rats. Zinc (Zn) is an
essential trace element in many enzymes and is involved
in antioxidant defense. Numerous studies have shown that
zinc supplementation has a protective effect against diabetic
renal damage by promoting metallothionein synthesis (30,
31) and regulating oxidative stress (32–34). Meanwhile,
triethylenetetramine (TETA) is a Copper (II)-selective
chelation that inhibits copper-mediated oxidative stress
and restores antioxidant defenses. A growing body of research
suggests that TETA may reduce the chronic complications
of diabetes by enhancing antioxidant defense mechanisms
(35, 36).

Since copper and zinc are important components of
superoxide dismutase (SOD), selenium is a component of
the antioxidant enzyme GSH-Px, both of which are major
natural antioxidants capable of scavenging excess free radicals
from the body. Therefore, we speculate that renal function
damage in spontaneous diabetic rats induces an increase in
the excretion of urinary trace elements, which in turn causes
trace element metabolism disorders. However, 1,25(OH)2D3

intervention may improve the metabolic disorder of trace
elements by reducing the renal function damage in ZDF
rats, among which copper, zinc, and selenium are most
closely related to oxidative stress. Ito further pointed out that
increased urinary copper excretion in patients with advanced
diabetic nephropathy may be due to the copper-albumin
and ceruloplasmin-copper complexes through the impaired
glomeruli (37). Considering that the related mechanism of
1,25(OH)2D3 improving specific trace elements in urine is
unknown, future research is warranted to explore the underlying
mechanisms. Except for urine trace elements, we also focused
the urinary levels of Ca and Mg. In brief, 1,25(OH)2D3 may
accelerate urinary Ca and urinary Mg excretion in the early
period, which is less pronounced with the extension of the
intervention. This phenomenon needs to be further confirmed
by other relevant studies.

Eventually, from our study, we speculate that 1,25(OH)2D3

supplementation may have a positive effect in diabetic rats that
are deficient or inadequate in vitamin D status. Conversely, if
vitamin D levels are adequate in diabetic rats, 1,25(OH)2D3

intervention may have no significant improvement. This is an
important hypothesis that we need to validate in our next study.
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FIGURE 3

Effect of 1,25(OH)2D3 on urinary mineral levels in Zucker rats. (A) Urinary Cu/UCR. (B) Urinary Se/UCR. (C) Urinary Zn/UCR. (D) Urinary Mo/UCR.
(E) Urinary Ca/UCR. (F) Urinary Mg/UCR. ZL, Zucker lean group; ZDF, Zucker diabetic fatty group; ZDF + VL, ZDF + low-dose 1,25(OH)2D3 group
(2 µg/kg·bw); ZDF + VM, ZDF + middle-dose 1,25(OH)2D3 group (8 µg/kg·bw); ZDF + VH, ZDF + high-dose 1,25(OH)2D3 group (16 µg/kg·bw).
Data are presented as mean ± SEM (n ≥ 9). aP < 0.05 vs. the ZL group, bP < 0.05 vs. the ZDF group.

Conclusion

In summary, our research confirmed that vitamin
D-deficient diabetic rats suffered from renal injury and
disturbance of trace element metabolism, manifested by
increased production of MALB, UACR, urine creatinine

content, and urinary excretion of trace elements. Interestingly,
we found that 1,25(OH)2D3 reversed renal impairment and
improved urinary excretions of Cu, Zn, Se, and Mo in ZDF
rats. Our study indicated that 1,25(OH)2D3 may be a potential
therapeutic strategy for correcting trace element disorders in
DN patients in the near future.
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Diet dictates nutrient availability in the tumor microenvironment, thus affecting 
tumor metabolic activity and growth. Intrinsically, tumors develop unique metabolic 
features and are sensitive to environmental nutrient concentrations. Tumor-driven 
nutrient dependencies provide opportunities to control tumor growth by nutritional 
restriction or supplementation. This review summarized the existing data on nutrition 
and pediatric cancers after systematically searching articles up to 2023 from four 
databases (PubMed, Web of Science, Scopus, and Ovid MEDLINE). Epidemiological 
studies linked malnutrition with advanced disease stages and poor clinical outcomes 
in pediatric cancer patients. Experimental studies identified several nutrient 
dependencies (i.e., amino acids, lipids, vitamins, etc.) in major pediatric cancer 
types. Dietary modifications such as calorie restriction, ketogenic diet, and nutrient 
restriction/supplementation supported pediatric cancer treatment, but studies 
remain limited. Future research should expand epidemiological studies through data 
sharing and multi-institutional collaborations and continue to discover critical and 
novel nutrient dependencies to find optimal nutritional approaches for pediatric 
cancer patients.

KEYWORDS

malnutrition, pediatric cancer, nutrient dependency, dietary modifications, precision 
nutrition

Introduction

Childhood cancers represent the leading cause of disease-related mortality in childhood (1). 
Major childhood cancer types include leukemias (i.e., acute lymphoblastic leukemia ALL, acute 
myeloid leukemia AML), lymphomas (i.e., Hodgkin lymphoma HL, non-Hodgkin lymphoma NHL), 
brain and spinal cord tumors (i.e., glioblastoma GBM, medulloblastoma MB), peripheral nervous 
system tumors (i.e., neuroblastoma NB), renal cancers (i.e., Wilms tumor WT), liver cancers (i.e., 
hepatoblastoma HB), eye cancers (i.e., retinoblastoma RB), bone cancers (i.e., osteosarcoma OS and 
Ewing sarcoma ES), and soft tissue sarcomas (i.e., rhabdomyosarcoma RMS). The mutational burden 
in most childhood cancers is substantially lower than that in adult cancers (2, 3). Instead, fusion 
oncoproteins and epigenetic dysregulations frequently occur in childhood cancers (1, 4). For 
example, the EWS-FLI1 fusion protein plays a central role in the pathogenesis of ES (4). Oncohistones 
and aberrant DNA methylations have been identified in pediatric brain tumors (5–7). In addition, 
copy number alterations such as MYCN amplification occurs in many pediatric cancer types, such 
as NB (8), MB (9), WT (10), RB (11), and RMS (12).

Malnutrition (undernutrition and overnutrition) problems are increasing worldwide (13), 
raising concerns about the relationship between nutrition and childhood cancers (Table  1). 
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TABLE 1 Dietary associations and tumor-driven nutrient dependencies in pediatric cancers.

Pediatric cancer 
type

Pediatric cancer 
name

Associations between nutrient/
diets and pediatric cancers

Tumor-driven nutrient dependencies

Leukemias Acute lymphoblastic 

leukemia (ALL)

Protein-energy malnutrition (+) (14, 15) Magnesium 

and zinc deficiency (+) (16) Maternal obesity and 

diabetes (+) (17, 18) Maternal diet during pregnancy 

(vegetables, fruits, protein sources, and folate 

supplementation) (19–21)

Amino acids: glutamine (22), arginine (23), asparagine (24)

Glycolysis and oxidative phosphorylation: glucose uptake (25)

Lipids: mevalonate pathway (26)

Vitamins: vitamin D (27)

Acute myeloid leukemia 

(AML)

Maternal intake of dietary DNA topoisomerase II 

inhibitors (+) (28)

Amino acids: glutamine (29), arginine (23, 30)

Glycolysis and oxidative phosphorylation: PDK1 pathway (31)

Lipids: phosphatidylinositol, sphingolipids, free cholesterol, 

monounsaturated fatty acids (32, 33)

Lymphomas Hodgkin lymphoma 

(HL)

Undernutrition (+) (34)

Zinc deficiency (+) (16)

Not available

Non-Hodgkin 

lymphoma (NHL)

Undernutrition (+) (34)

Zinc deficiency (+) (16)

Glycolysis and oxidative phosphorylation: HK (35)

Vitamins: vitamin D (36)

Brain and spinal cord 

cancers

Glioblastoma (GBM) Not available Amino acids: glutamine (37)

Glycolysis and oxidative phosphorylation: PDK1 (38)

Lipids: ketone bodies (39)

Medulloblastoma (MB) Maternal diets during pregnancy (candy, chili 

peppers, and oil products +; fruits, −; yellow-orange 

vegetables, −) (40, 41)

Amino acids: glutamine (42)

Glycolysis and oxidative phosphorylation: HK (43)

Lipids: Smoothened-activating sterol lipids (i.e., cholesterol and 

7-keto-cholesterol) (44)

Peripheral nervous 

system cancers

Neuroblastoma (NB) Undernutrition (+) (45)

Maternal folate fortification (−) (46)

Amino acids: glutamine (47, 48), SGOC metabolism (49, 50), 

polyamines (51–53)

Glycolysis and oxidative phosphorylation: HK (54), LDHA (55), 

GLUT1 (56), mitochondrial activity (57, 58)

Lipids: fatty acid metabolism [SLC27A2 (59), FASN and SCD (60, 

61), CPT1 (58)]

Vitamins and Minerals: vitamin B12 (62), iron (63, 64)

Eye cancers Retinoblastoma (RB) Vitamin D (−) (36) Glycolysis and oxidative phosphorylation: PDK1 pathway (65)

Vitamins: vitamin D (36)

Renal cancers Wilms tumor (WT) Folate fortification (−) (66) Glycolysis and oxidative phosphorylation: GLUT1 (67), 

mitochondrial activity (68)

Liver cancers Hepatoblastoma (HB) Vitamin D deficiency (+) (36) Glycolysis and oxidative phosphorylation: LDHB (69), GLUT3 

(69)

Lipids: fatty acid metabolism (SREBP-1c (70))

Vitamins: vitamin D (36)

Bone cancers Osteosarcoma (OS) Vitamin D deficiency (+) (36) Amino acids: SGOC metabolism

Glycolysis and oxidative phosphorylation: HK (71)

Lipids: lipid catabolism and hydroxylation (72)

Vitamins: vitamin D (36)

Ewing sarcoma (ES) Zinc deficiency (+) (73) Amino acids: SGOC metabolism (74)

Glycolysis and oxidative phosphorylation: LDHA (75)

Soft tissue sarcomas Rhabdomyosarcoma 

(RMS)

Not available Lipids: fatty acid oxidation (76)

(+) positive association; (−) negative association.

Abbreviations: ALL, acute lymphoblastic leukemia; AML, acute myeloid leukemia; CPT1, carnitine palmitoyltransferase 1; DHA, docosahexaenoic acid; EPA, eicosapentaenoic 

acid; ES, Ewing sarcoma; FASN, fatty acid synthase; GBM, glioblastoma; GLUT, glucose transporter; HB, hepatoblastoma; HK, hexokinase; HL, Hodgkin lymphoma; LDHA, 

lactate dehydrogenase; MB, medulloblastoma; MTHFD, methylenetetrahydrofolate dehydrogenase; NB, neuroblastoma; NHL, non-Hodgkin lymphoma; ODC1, ornithine 

decarboxylase; OS, osteosarcoma; PDK, pyruvate dehydrogenase kinase; RB, retinoblastoma; RMS, rhabdomyosarcoma; SCD, stearoyl-CoA desaturase; SGOC, serine-

glycine-one-carbon; SLC27A2, fatty acid transporter; SLC3A2, Polyamine transporter; SREBP-1c, sterol regulatory element-binding protein-1c; WT, Wilms tumor.
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Nutrient deficiency and obesity at diagnosis are associated with poor 
clinical outcomes in childhood cancers (34, 45, 77–79). Maternal 
nutritional status also links to the risk of developing hematopoietic and 
solid childhood tumors (17–21). Overall, the current epidemiological 
studies are limited. This is partly due to a lower incidence of childhood 
cancers and little nutritional evaluation at diagnosis (80). On the other 
side of the coin, multi-omics technology corroborating with basic and 
translational cancer research sheds light on discovering new metabolic 
dependencies of pediatric cancers. Like adult cancers, aggressive 
pediatric tumors require specific lipids, amino acids, carbohydrates, 
vitamins, and minerals for survival (63, 81, 82). The most vulnerable 
metabolite is determined under a particular context of cancer and is 
associated with the tumor microenvironment (83). Finding critical 
nutrient dependencies for each cancer type will aid in developing 
optimal treatment regimens.

Here, we summarize recent findings on the associations between 
nutrition and pediatric cancers, nutritional dependencies under 
different tumor contexts, and dietary approaches during pediatric 
cancer treatment. Much remains to be uncovered in pediatric cancers 
compared to adult cancers. Thus, we also discuss the current challenges 
and research gaps in the field and point to interesting future directions. 
The ultimate goal is finding optimal and precise nutritional strategies to 
improve patient survival and quality of life.

The link between nutrition and 
childhood cancers

The State of Food Security and Nutrition in the World reported 
that 9.8 percent of the global population (768 million) were 
undernourished in 2021 (13). Infants and children are more 
susceptible populations due to the high demand for energy and 
essential nutrients, especially for cancer patients. In a prospective 
study of 1,787 newly diagnosed pediatric patients, 18% had moderate 
nutritional depletion, and 45–59% were severely depleted (34). 
Another study showed that 50% of children with stage IV NB (high-
risk patients) were undernourished at diagnosis (45). 
Undernourished children abandoned therapy more frequently, 
resulting in inferior event-free survival (34). Protein-energy 
malnutrition, a specific undernutrition defined as an energy deficit 
due to a lack of macronutrients, is commonly seen in leukemias and 
solid tumors (14, 15). Apart from the macronutrients, deficiencies of 
micronutrients such as magnesium, zinc, selenium, vitamin D, and 
vitamin B12 were reported in pediatric cancer patients (Table 1) (16, 
36, 73, 84). There is a lack of standard clinical practice guidelines for 
monitoring the nutritional status of children with cancer. Therefore, 
a systematic comparison of different evaluation methods and 
longitudinal nutritional assessment throughout diagnosis and 
treatment is urgently needed.

The number of overweight and obese individuals (85) and the 
cancer risk (16–18) have increased over the years. A recent study of 640 
pediatric ALL patients found that 27% were overweight/obese, and 79% 
exceeded the dietary reference amount (79). Obese pediatric acute 
leukemia patients had a higher mortality risk than non-obese patients 
(77, 78). In recent years, the consumption of food-added sugars has also 
increased dramatically. High sugar consumption was associated with 
increased incidences of multiple adult malignancies, such as pancreatic 
and endometrial cancers (86, 87). However, whether sugar contributes 
to pediatric cancers is poorly understood.

Maternal obesity and diabetes also increase the risk of childhood 
cancers. Children born to mothers with a body mass index of ≥40 had 
a 57% higher leukemia risk (18). Maternal diabetes was associated with 
an increased risk of childhood cancers, particularly ALL, and 
medications reduced the risk of offspring childhood cancers (17). 
Additionally, maternal diets correlate with the risk of childhood cancers. 
Maternal consumption of vegetables and fruits before or during 
pregnancy was inversely associated with offspring ALL and AML 
incidence (19, 20, 28). In contrast, consuming flavonoid-rich foods may 
interfere with DNA topoisomerase II and increase the risk of AML (28). 
Maternal folate fortification correlated with a reduced risk of ALL, NB, 
and WT (21, 46, 66). Additionally, a maternal diet rich in yellow-orange 
vegetables, fresh fish, and grains decreased the risk of childhood brain 
tumors, whereas a maternal diet rich in cured meats, eggs/dairy, oil 
products, non-chocolate candy, and chili increased the risk (41).

The current epidemiological studies remain limited, particularly for 
rare diseases. Future efforts should increase subjects through data 
sharing and multi-institutional collaborations.

Nutrient dependencies in childhood 
cancers

Metabolic reprogramming has emerged as an essential cancer 
hallmark (88). Mutation of tumor suppressors and activation of 
oncogenic signaling make tumor cells promote the synthesis and uptake 
of nutrients for survival (89), thus enhancing tumor dependency on 
certain nutrients (81) (Table 1).

Amino acids

Amino acids are the building blocks of proteins. They also regulate 
the redox state and contribute to epigenetic and immune responses 
linked to tumorigenesis and metastasis (90). Therefore, tumors present 
a heightened amino acid dependence.

Glutamine, the most abundant amino acid in serum, is surprisingly 
depleted in developing cancers (91). Glutamine supported childhood 
AML and ALL survival and contributed to adipocyte-induced cell 
resistance to asparaginase (22, 29). Inhibition of glucose metabolism or 
Akt signaling also activated glutamine metabolism in GBM (37). In NB, 
the oncogenic driver MYCN promoted glutamine uptake and catabolism 
(47, 48). Similarly, high MYC-expressing atypical teratoid/rhabdoid 
tumors demonstrated higher glutamine metabolism activity compared 
to low MYC-expressing tumors (92). TAp73, which is frequently 
overexpressed in human tumors, sustained a subset of MB growth and 
proliferation by upregulating glutamine metabolism (42).

Another critical amino acid pathway is the serine-glycine-one-
carbon (SGOC) metabolism. SGOC incorporates serine–glycine 
biosynthesis, one-carbon metabolism, and purine nucleotide 
biosynthesis in a positive feedback loop, generating diverse metabolites 
(93). In NB, high expression of an SGOC gene signature (49) or glycine 
decarboxylase (50), the enzyme which catalyzes glycine breakdown to 
produce one-carbon metabolism intermediate 5,10-methylene-
tetrahydrofolate, was identified in MYCN-amplified patients and was 
associated with advanced disease stage and poor prognosis. In OS, the 
rate-limiting enzyme in serine biosynthesis 3-phosphoglycerate 
dehydrogenase is inversely correlated with patient survival (94). In ES, 
two methylenetetrahydrofolate dehydrogenase genes (MTHFD2 and 
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MTHFD1L) were upregulated by EWS-FLI1, and high expressions were 
linked with high-risk disease and poor survival (74).

Arginine is a semi-essential amino acid and an intermediate in 
many biological pathways, such as the urea cycle and tricarboxylic acid 
cycle (95). AML depends on arginine, as depletion of intracellular 
arginine (via a pegylated arginine deiminase ADI-PEG20) and 
extracellular arginine (via a pegylated human recombinant arginase 
BCT-100) decreased proliferation of AML (23, 30). Depletion of 
arginine in combination with chemotherapy cytarabine exerted greater 
efficacy compared to single therapy in AML and ALL. Still, resistance 
eventually occurred (30, 96), likely due to compensatory activation of 
endogenous production of arginine (23, 97). Therefore, additional 
metabolic dependencies in AML must be targeted.

Asparagine is a nonessential amino acid that facilitates glycoprotein 
synthesis and the uptake of extracellular amino acids such as arginine, 
histidine, and serine (98). Asparagine presents a potential nutrient 
dependency in leukemias as these tumors lack asparagine synthetase 
(24, 99). Deprivation of exogenous asparagine by asparaginase resulted 
in a remission rate of >90% in children with ALL (24).

Polyamines are active organic compounds with at least two amino 
groups (100). They can be  synthesized by ornithine decarboxylase 
(ODC1), the rate-limiting enzyme in polyamine synthesis (100), and 
imported by transporters such as SLC3A2 (53). Polyamines are 
frequently deregulated in cancer because they involve fundamental 
processes related to cell growth and survival (100). For example, 
putrescine, spermidine, and spermine levels were elevated in children 
with leukemias (101). MYCN directly increased polyamine synthesis in 
NB and promoted NB tumor growth by upregulating ODC1 and 
SLC3A2 (51–53).

Glycolysis and oxidative phosphorylation

As discovered by Otto Warburg in the 1920s, cancer cells exhibit an 
increased dependence on glycolysis, preferentially catalyzing the 
conversion of glucose to lactate in the presence of oxygen (102). Despite 
a relatively low mutational burden, pediatric cancers exhibit aberrant 
expressions of key glycolytic enzymes, suggesting an increased 
dependence on glycolysis. Expression of hexokinase (HK1/2), which 
converts glucose to glucose-6-phosphate, was raised in several pediatric 
cancers and high HK expression predicted poor prognosis [i.e., 
metastatic NB (54), the SHH subtype of MB (43), diffuse large B-cell 
lymphoma (35) and OS (71)]. High expression of lactate dehydrogenase 
(LDHA/B) that converts pyruvate to lactate is linked to poor prognosis 
in NB, ES, and HB (55, 69, 75). Additionally, glucose transporter GLUT1 
was highly expressed in ALL (25), NB (56), and WT (67), and GLUT3 
upregulated in HB (69).

More recent work has demonstrated that mitochondrial respiration 
also plays a significant role in tumor growth and survival (103). WT and 
NB exhibited heterogeneity in mitochondrial phenotypes and energy 
metabolism (57, 58, 68). Stromal regions of WT showed reduced 
mtDNA copy number, whereas the epithelial and blastemal regions were 
normal (68). MYCN-amplified NB demonstrated higher mitochondrial 
activity than non-MYCN-amplified NB (57, 58). The pyruvate 
dehydrogenase kinase 1 (PDK1) phosphorylates pyruvate dehydrogenase 
and in turn, lowers its activity, which reduces the conversion of pyruvate 
to acetyl-CoA. PDK1 was activated in AML, GBM, and RB, and its 
inhibition blocked cell proliferation and restored sensitivity to 
chemotherapy (31, 38, 65).

Lipids

Lipids are also critical for cancer cell proliferation by serving as 
membrane components, providing energy sources, maintaining redox 
homeostasis, and acting as signaling molecules (104). Several pediatric 
cancers heavily rely on lipids for survival. For example, fatty acid 
transport (via fatty acid transporter SLC27A2), biosynthesis (via fatty 
acid synthase FASN and stearoyl-CoA desaturase SCD), and oxidation 
(via carnitine palmitoyltransferase 1 CPT1) were activated in MYCN-
amplified NB (58–61). Inhibition of fatty acid oxidation by 
malonyl-CoA decarboxylase inhibitor prohibited RMS growth, and 
knockdown of fatty acid metabolism regulator sterol regulatory 
element-binding protein-1c (SREBP-1c) suppressed HB, suggesting a 
dependency on lipid metabolism (70, 76). Lipids such as 
phosphatidylinositol, sphingolipids, free cholesterol, and 
monounsaturated fatty acids were increased in isocitrate 
dehydrogenases mutant AML cells (32). Moreover, AML blasts 
activated adipocyte lipolysis, thus allowing fatty acids to be transferred 
from adipocytes to blasts (33). A recent study identified the mevalonate 
pathway as a novel vulnerability in early T-cell ALL (26). Inhibition of 
3-hydroxy-3-methylglutaryl-CoA reductase, the rate-limiting enzyme 
in the mevalonate pathway, significantly blocked T-cell ALL growth 
(26). Besides, smoothened-activating sterol lipids such as cholesterol 
and 7-keto-cholesterol sustained oncogenic Hedgehog signaling in 
MB (44).

Vitamins and minerals

Besides the macronutrients, vitamins and minerals are essential as 
substrates and cofactors for critical metabolic processes (105). Pediatric 
cancer patients were disproportionately vitamin D deficient (27, 36, 82), 
suggesting sequestration of this vitamin by tumor cells. Vitamin B12 has 
also been identified as a pediatric cancer dependency, specifically in NB 
cells, such that B12 depletion induced cell-cycle arrest and neuronal 
differentiation (62).

Among minerals, iron serves as a significant dependency across 
pediatric cancers. Iron depletion by iron chelator deferoxamine or 
sodium ascorbate has demonstrated anti-proliferative activity in NB 
(63, 64). However, exogenous iron exposure induced ferroptosis in 
malignant brain tumors and NB (106–108), indicating that tight control 
of iron levels is required for cancer cell survival.

Dietary modifications in pediatric 
cancers

Inhibitors used to disrupt active cancer metabolism have been 
extensively summarized in many reviews (81, 109–111). Nevertheless, 
a majority of drugs fail to enter clinical trials. Compensatory 
activation of other metabolic routes or uptake of the source 
metabolite reduces the anti-tumor effects (59, 112). Moreover, the 
specificity of the metabolic inhibitors to tumor cells and their 
potential toxicities remain a question. Therefore, supportive 
approaches such as dietary modifications should be  considered 
during cancer treatment. Dietary composition determines nutrient 
availability in the microenvironment of cells in the body (113). 
Accumulating evidence suggests that dietary modifications, 
including calorie and nutrient restriction/supplementation, 
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reprogram tumor metabolic activity and produce shifts in 
proliferation rate and drug sensitivity (114, 115). Herein, this review 
will focus on dietary modifications applied to pediatric cancers.

Calorie restriction and ketogenic diet

Calorie restriction emphasizes a chronic 20–30% reduction of the 
standard calorie intake (116). This approach reduces tumor growth in 
several adult tumor models, including breast cancer, pancreatic cancer, 
and lymphoma (117–119). Interestingly, calorie restriction also inhibited 
tumor growth in neuroblast mouse xenograft models, although its 
molecular mechanism remains unknown (120). However, it remains a 
concern to use calorie restriction during childhood, given the risk of 
malnutrition and disrupted endocrine function (121).

Consequently, researchers have sought a safer approach that sustains 
overall calorie intake but modifies the diet composition. The ketogenic diet 
was introduced to meet such demand. Ketogenic diets have normal calorie, 
low-carbohydrate but high-fat content, leading to increased ketone bodies 
in plasma (122). The ketogenic diet showed anticancer effects in preclinical 
models of NB and GBM (39, 120, 123). Researchers further identified that 
a medium-chain fatty acid-containing ketogenic diet was more effective 
than a long-chain fatty acid-containing diet (120, 123). It remains uncertain 
whether ketogenic diet can be applied to all cancer types.

Nutrient restriction

Germline mutations in the methionine synthase gene have been 
associated with childhood leukemia risk (124), and methionine depletion 
augmented the anticancer activities of chemotherapeutics against pediatric 
sarcoma cells in vitro (125). However, it remains unknown whether 
methionine dependence is a broader feature across pediatric cancers and 
whether this dependency can be effectively exploited against tumors in 
children. Besides methionine, serine deprivation has also been shown to 
induce oxidative stress and prohibit tumor growth in adult cancer models 
(126, 127). Given that NB and ES showed active serine metabolism (50, 74), 
it will be interesting to determine whether serine restriction is effective in 
treating those cancers.

Besides amino acids, restriction of vitamins can be used in tumors 
that rely on those vitamins for survival. Restriction of vitamin B9 (folate) 
and B12 (cobalamin) together with other methyl donors (methionine 
and choline) inhibited one-carbon metabolism and protected against 
adenoma development (128). Restriction of minerals like iron may 
selectively target cancer cells (63, 64). However, care must be taken to 
avoid restriction toxicity since pediatric cancer patients are frequently 
vitamin deficient already (82, 129).

Nutrient supplementation

Omega-3 fatty acids exert anti-inflammatory and anti-tumor effects 
(130). Docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA) 
slowed MB tumor growth by alleviating the inflammatory tumor 
microenvironment (131). MYCN-amplified NB contained lower DHA 
levels than non-MYCN-amplified NB. DHA supplementation delayed 
the progression of NB in cell line-derived mouse xenograft models 
(132). However, another study using TH-MYCN transgenic NB model 
did not observe significant DHA effects (133). More studies and 

standard treatment strategies are needed to evaluate the efficacy of DHA 
supplementation in NB.

Folate and vitamin B12 deficiency was found in ALL patients who 
showed anemia on maintenance therapy (134). Supplementation of 
these deficient micronutrients significantly alleviated anemia. 
Supplementation of vitamin K2 and D3 improved bone mineral density 
in ALL patients during intensive steroid therapy (135). Further research 
is needed to comprehensively characterize micronutrient status before 
and after treatment and to precisely monitor the effects of micronutrient 
supplementation on patients’ health conditions.

Cachexia is a complex syndrome presenting with decreased food 
intake, weight loss, muscle and adipose tissue wasting, and hormonal/
metabolic abnormalities (136). Muscle wasting is associated with 
reduced protein synthesis and increased protein degradation (137). 
Oral supplementation of a mixture of amino acids partially reversed 
cachexia in patients with advanced solid tumors (138). Similarly, a diet 
enriched in leucine or branch-chain amino acids stimulated muscle 
protein synthesis and alleviated cachexia (139, 140). However, most 
studies were conducted on adult cancer patients. Further investigations 
into the effects of cachexia on pediatric tumor development and 
strategies for its reversal through dietary modifications are 
urgently needed.

Challenges for nutritional interventions 
and future directions

Studies on dietary modifications for adult cancer treatment have 
provided insights into pediatric cancer interventions. Nevertheless, there 
is still a long way to go. First, additional studies are needed to understand 
specific nutrient dependencies in different pediatric cancers and to evaluate 
the efficacies of various dietary interventions. Second, because dietary 
modifications induce systemic responses that impact both tumor and 
tumor microenvironment, a holistic understanding of how the nutrient 
restriction or supplementation affects tumor and tumor microenvironment 
such as anti-/pro-tumor immune response, stromal cell activity, 
angiogenesis, and whole-body homeostasis is highly demanded. Third, the 
duration and start time for nutritional therapy as well as the long-term 
toxicity from nutrient deprivation or supplementation should be evaluated. 
Fourth, it should be emphasized that no treatment works for all types of 
cancers. For example, histidine supplementation made leukemia 
xenografted tumors more sensitive to methotrexate (141), whereas 
histidine depletion in a Drosophila model selectively limited the growth of 
MYC-dependent neural tumors (142). Thus, specific tumor context needs 
to be mentioned when advertising nutritional therapies.

Conclusion

Compared to adult cancers, the understanding of crosstalks 
between nutrition and pediatric cancers remains poor, thus providing 
tremendous opportunities for studying how nutrition can help prevent 
and treat childhood cancers (Figure 1). Large-scale epidemiological 
studies of pediatric cancers could uncover additional relationships 
between nutrients and pediatric cancers. Moreover, omics technology 
combined with mechanistic studies can reveal novel nutrient 
dependencies. This will further guide preclinical and clinical nutritional 
interventions to optimize therapeutic strategies. This process can 
be applied to populations, subgroups, and individuals. Each patient’s 
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genetic information may guide the discovery of personalized nutrient 
dependencies and nutritional interventions. There is still much to learn, 
but additional studies will enlighten the future by overlapping nutrition 
and pediatric cancer fields.
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Mini review: STING activation
during non-alcoholic fatty liver
disease
Honggui Li, Xinlei Guo, Eduardo Aquino and Chaodong Wu*

Department of Nutrition, Texas A&M University, College Station, TX, United States

Non-alcoholic fatty liver disease (NAFLD) is one of the most common chronic

diseases serving as a major threat to human health. While the pathogenesis

of NAFLD is multi-factorial, inflammation is considered a critical factor driving

the development and progression of NAFLD phenotype, including liver fibrosis.

As an essential mediator of innate immunity, stimulator of interferon genes

(STING) functions to promote anti-viral immunity. Accumulating evidence also

indicates that STING functions to promote the proinflammatory activation of

several types of liver cells, especially macrophages/Kupffer cells, in a manner

independent of interferon production. Over the past several years, a significant

body of literature has validated a detrimental role for STING in regulating

the pathogenesis of hepatic steatosis and inflammation. In particular, the

STING in macrophages/Kupffer cells has attracted much attention due to its

importance in not only enhancing macrophage proinflammatory activation,

but also generating macrophage-derived mediators to increase hepatocyte fat

deposition and proinflammatory responses, and to activate hepatic stellate cell

fibrogenic activation. Both intracellular and extracellular signals are participating

in STING activation in macrophages, thereby critically contributing to NAFLD

phenotype. This mini review summarizes recent advances on how STING is

activated in macrophages in the context of NAFLD pathophysiology.

KEYWORDS

non-alcoholic fatty liver disease, liver fibrosis, inflammation, stimulator of interferon
genes, macrophage

1. Introduction

Non-alcoholic fatty liver disease (NAFLD), comprised of a spectrum of chronic liver
diseases whose pathogenesis is not associated with alcohol consumption, is characterized by
excessive fat deposition in hepatocytes (steatosis). Subjects with certain health conditions
such as obesity, metabolic disease, and insulin resistance, are more prone to develop
NAFLD. Indeed, epidemiological data indicate that the incidence of NAFLD in populations
with obesity is increased by about sevenfold relative to that of general populations. While
simple steatosis may be benign and have few or no symptoms, NAFLD progresses to non-
alcoholic steatohepatitis (NASH), the advanced form of NAFLD, when the liver displays
overt inflammatory damage. The diagnosis of NAFLD relies on medical history, a physical
exam, and laboratory tests. However, liver histology is required to diagnose NASH. Healthy
eating and lifestyle changes are recommended to manage NALFD, particularly hepatic
steatosis. However, currently there is no effective treatment for NASH.
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The outcomes of numerous basic research and translational
studies have demonstrated that NASH is one of the most
common causes of terminal liver diseases including hepatocellular
carcinoma. Because of this, a significant number of investigations
have focused on how inflammation arises and then triggers or
exacerbates the development and progression of NAFLD under
obese conditions. As a critical mediator in innate immunity,
stimulator of interferon genes (STING) has been implicated
to promote inflammation. This property enables STING to be
involved in the pathogenesis of NAFLD. This mini review focuses
on the recent advances in understanding STING activation in
macrophages during the pathogenesis of NAFLD.

2. Role of STING in the pathogenesis
of NAFLD

While studying DNA-binding agents for their anti-tumor
properties, researchers synthesized and functionally characterized
the effect of 5,6-dimethylxanthenone-4-acetic acid (DMXAA) in
1990 (1). Since then, the investigations concerning DMXAA actions
have been extended to studying the regulation of macrophage
activation as it related to anti-tumor immunology. In 1994, Perera
et al. showed that DMXAA was able to induce a subset of
lipopolysaccharide (LPS)-inducible genes within primary murine
macrophages (2). Several years later, the lab where DMXAA was
initially synthesized showed that DMXAA was capable of inducing
interferon (IFN) expression (3), suggesting an effect of DMXAA
on stimulating antiviral defensive responses in addition to its
role in promoting the proinflammatory responses. Following these
findings, numerous studies had focused on the mechanisms by
which DMXAA induces IFN expression. In 2007, Roberts et al.
demonstrated DMXAA as a novel and specific activator of the
TANK-binding kinase 1 (TBK1)-IFN regulatory factor 3 (IRF-3)
signaling pathway (4). A year later, the adaptor protein mediator
of IRF3 activation (MITA), known as STING, was functionally
validated to serve as a critical mediator of virus-induced IFN beta
(IFNβ) expression (5). Since then, STING has been studied for
its role in regulating innate immunity and the proinflammatory
responses (6, 7).

The discovery of cyclic 2′,5′-GMP-AMP (cGAMP), generated
by cGAMP synthase (cGAS) in response to cytosolic aberrant
presence of double-stranded DNA (dsDNA), has drawn much
attention to STING for its role in anti-viral immunity. While
examining the effects of cGAMP, the studies by Guo et al. and
Luo et al. showed interesting findings concerning macrophage
activation. Specifically, treatment of bone marrow cell-derived
macrophages (BMDMs) that were prepared from wild-type (WT)

Abbreviations: ADK, adenosine kinase; BMDM, bone marrow-derived
macrophages; cGAMP, cyclic 2′,5′-GMP-AMP; cGAS, cyclic GMP-AMP
synthase; DMXAA, 5,6-dimethylxanthenone-4-acetic acid; dsDNA, double-
stranded DNA; ER, endoplasmic reticulum; HFD, high-fat diet; IFNβ,
interferon beta; IL-1β, interleukin 1β; LPS, lipopolysaccharide; IRF3, interferon
regulatory factor 3; JNK, c-Jun N-terminal kinases; MCD, methionine-
and choline-deficient diet; mEVs, microbial DNA-containing extracellular
vesicles; mtDNA, mitochondrial DNA; NAFLD, non-alcoholic fatty liver
disease; NFκB, nuclear factor kappa B; NASH, non-alcoholic steatohepatitis;
Pp65, phosphorylated p65 subunit of NFκB; Pp46, phosphorylated JNK1
(p46); STING, stimulator of interferon genes; TBK1, TANK-binding kinase 1;
TNFα, tumor necrosis factor α; TGFβ1, transforming growth factor β1.

mice with exogenous cGAMP potentiated the effect of LPS on
stimulating macrophage proinflammatory activation (8). However,
in the absence of functional STING, treatment of mouse BMDMs
with exogenous cGAMP significantly decreased the effect of
LPS on stimulating macrophage proinflammatory activation (9).
These findings led Luo et al. to postulate a role for STING in
regulating inflammation as a key driving factor to promote the
pathogenesis of NAFLD. Accordingly, Luo et al. performed the
first study to examine STING expression in livers from patients
with NAFLD and demonstrated a significant increase in STING
expression in liver non-parenchymal cells (NPCs) relative to that
in livers from subjects without NAFLD (9). Notably, using various
mouse models involving adoptive transfer of STING-disrupted
bone marrow cells to lethally irradiated WT mice or adoptive
transfer of WT bone marrow cells to lethally irradiated STING-
disrupted mice, the study by Luo et al. validated a deleterious
role for STING-driven macrophage activation in promoting hepatic
steatosis and inflammation, as well as liver fibrosis. The concept
that STING-driven macrophage activation critically contributes
to the development and progression of NAFLD or NASH with
liver fibrosis is substantiated by the findings from the study by
Wang et al. upon analyzing STING expression in liver monocyte-
derived macrophages and Kupffer cells (10). Notably, using liver
sections from human subjects with or without NAFLD, Wang et al.
demonstrated that STING expression is significantly increased in
liver sections from patients with NAFLD (10). More importantly,
the intensities of STING expression in macrophages, particular
monocyte-derived macrophages, were positively correlated with
the severities of NASH and/or grades of liver fibrosis. To be noted,
since the first study addressing STING promotion of NAFLD by
Luo et al., a significant number of new studies have confirmed the
importance of STING in NAFLD or NASH pathogenesis, as well
as liver inflammation and related injuries (11–15), and provided
novel insights into STING activation in macrophages, which are
highlighted below.

3. Hepatocyte-driven STING
activation

The earliest evidence concerning the role for STING in
regulating liver inflammation and fibrosis may come from the
results of the study by Petrasek et al. (16). Notably, global deficiency
of IRF3, a transcription factor whose activation is induced in
response to STING activation, protected mice from ethanol-
induced liver inflammatory damage. Due to its role in activating
IRF3 and related downstream events, STING was also studied
for its role in ethanol-induced liver inflammation. Specifically,
STING was detectable at high abundance in whole liver extracts
and associated with phosphorylated IRF3. Moreover, STING
disruption blunted the effect of thapsigargin, a non-competitive
inhibitor of the sarcoendoplasmic reticulum Ca2+ ATPase, on
activating (phosphorylating) IRF3 in mouse primary hepatocytes
and alleviated the severity of ethanol-induced liver inflammation.
Based on this, the authors speculated a role for STING in
hepatocytes in promoting liver inflammation (16). A similar study
by Iracheta-Vellve et al. also indicated a role for STING in
hepatocytes in its association with IRF3 in the context of promoting
carbon tetrachloride (CCl4)-induced hepatocyte apoptosis and
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liver fibrosis (17). Interestingly, in either of the two studies the
researchers only provided the data concerning STING expression
in whole liver extracts, but not hepatocytes, while a role for the
STING in hepatocytes has been speculated. In contrast, increasing
evidence from the studies involving both human subjects and
rodent models indicates that STING expression in hepatocytes is
likely at an undetectable level as this is supported by the data
from immunoblots for STING expression in the isolated primary
hepatocytes or liver immunohistochemistry staining for STING (9,
11, 14, 18). Because of this, the STING in macrophages, but not
hepatocytes, appears to be primarily responsible for the regulation
of liver inflammation. In addition, macrophage STING activation
is attributable to, in large part, hepatocyte-derived mediators.
This is particularly true under conditions with hepatic steatosis;
given that hepatocyte fat deposition is an event that commonly
precedes inflammation.

In terms of how hepatocyte fat deposition causes or
exacerbates liver inflammation, multiple studies have demonstrated
the importance of palmitate as a key component of fats in
triggering or enhancing hepatocyte proinflammatory responses.
For instance, the study by Nakamura et al. showed that palmitate
induced hepatocyte JNK activation, at least through promoting
the production of mitochondrial dysfunction-associated reactive
oxygen species (ROS) (19). Since palmitate-treated hepatocytes
revealed increased production of proinflammatory mediators
that are capable of enhancing macrophage proinflammatory
activation (20, 21), it is conceivable that excessive fat deposition-
associated hepatocyte mediators function to stimulate macrophage
proinflammatory activation and this process involves STING.
This, indeed, was validated by the findings from the study by
Yu et al. Initially, Yu et al. verified that STING was highly
expressed in liver Kupffer cells and was nearly undetectable
in hepatocytes of WT mice while showing that global STING
disruption protected mice from either high-fat die (HFD)-induced
NAFLD or methionine- and choline-deficient diet (MCD)-induced
NASH. This led the researchers to validate hepatocyte-derived
mitochondrial DNA (mtDNA) as a key mediator that functions
to stimulate the STING in Kupffer cells, as a result of cGAS
activation and cGAMP production, and increase the expression of
proinflammatory cytokines in Kupffer cells. This in turn accounts
for liver inflammation. In addition, STING promotion of the
expression of proinflammatory cytokines in Kupffer cells was
largely independent of IRF3. However, it remains an important
question whether hepatocyte-derived mtDNA is sufficient to trigger
or exacerbate NAFLD or NASH phenotype while stimulating
STING in liver Kupffer cells and promoting proinflammatory
cytokine expression.

While increased mtDNA production is a hallmark of
hepatocyte mitochondrial dysfunction/stress, excessive fat
deposition is considered to trigger or exacerbate hepatocyte
mitochondrial dysfunction. Indeed, the study by Yu et al.
hinted at a link between excessive fat deposition and hepatocyte
mitochondrial dysfunction as this was evidenced by the finding
that hepatocyte mtDNA production is increased in mice fed an
HFD. However, palmitate, proposed as a primary fatty acid that
functions to induce hepatocyte mitochondrial dysfunction, is a
hydrolytic product of VLDL, whose secretion by hepatocytes is
not necessarily elevated during hepatic steatosis. Considering
this, aberrant subcellular deposition of fatty acids must exist

FIGURE 1

Macrophage STING promotes the pathogenesis of NAFLD. As a
mediator of innate immunity, stimulator of interferon genes (STING)
also exerts a crucial role in regulating inflammation. Within
macrophages, double-stranded DNA (dsDNA) generated in
response to mitochondrial dysfunction or endoplasmic reticulum
stress activates cyclic GMP-AMP (cGAMP) synthase (cGAS) to
increase cGAMP production. The latter, in turn, activates STING to
promote macrophage proinflammatory activation. Inside the liver,
hepatocytes are a key source that releases dsDNA including
mitochondrial DNA and fragment DNA when under stress
conditions. This, in turn, acts through cGAS-cGAMP signaling to
activate the STING in macrophages. In addition, extra-hepatic
mediators, i.e., gut-derived microbial DNA, exert a similar function
in terms of activating macrophage STING in the liver. When
activated, STING-stimulated macrophage activation promotes the
development and progression of hepatic steatosis and
inflammation. See text for details.

in hepatocytes and account for, to a certain extent, hepatocyte
mitochondrial dysfunction and mtDNA production during hepatic
steatosis. This notion is supported by the findings of a recent study
investigating the role for hepatocyte adenosine kinase (ADK) in
regulating fat deposition and liver inflammation. In that study, Li
et al. showed that hepatocyte-specific ADK overexpression caused
excessive fat deposition in hepatocytes, which was characterized by
increased mitochondrial membrane accumulation of multiple bis-
monoacylglycerol phosphate and lysophosphatidylcholine species
and significantly decreased membrane levels of tetralinoleoyl
cardiolipin (18:2-18:2-18:2-18:2), indicating increased oxidative
stress and mitochondrial dysfunction (22). The latter was
accompanied with increased hepatic mtDNA production and
increased STING activation in liver macrophages (22). As such,
intracellular accumulation of fats in excessive amount is one of the
primary causes of increased production of hepatocyte mtDNA,
which in turn functions to stimulate macrophage cGAS-cGAMP
signaling and STING activation.

During liver injury in the absence of excessive fat deposition,
hepatocyte production/release of mtDNA is increased and causes
STING activation, in response to increased cGAS-cGAMP
signaling, in liver macrophages/Kupffer cells (13). Specifically, the
study by Chen et al. showed that hepatocyte-specific deletion of
Sam50, a key component of the sorting and assembly machinery
(SAM) necessary for the assembly of β-barrel proteins in the
mitochondrial outer membrane, induced cardiolipin-dependent
mitochondrial membrane remodeling to trigger mtDNA release.
The latter was accompanied by increased STING amount and
signaling in liver cells including macrophages, which in turn
accounted for increased liver inflammatory injury. Similarly, the
study by Liu et al. showed that the X-box binding protein 1
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(XBP1) in hepatocytes was linked to macrophage STING activation
through hepatocyte-derived mtDNA (23).

4. Extrahepatic mediator-stimulated
STING activation

While the interplays among liver cells are key to the
pathogenesis of NAFLD, extra-hepatic tissues have been shown
to also regulate the development and progression of hepatic
steatosis and inflammation as this is highlighted by the multiple-hit
theory for NAFLD. For instance, under obese conditions, various
mediators associated with adipose tissue dysfunction participate
in the initiation and progression of NAFLD phenotype. These
mediators include fatty acids, adipokines, and cytokines (24),
many of which have been implicated to trigger or enhance liver
inflammation through their actions on both hepatocytes and
liver NPCs (24). It is worth noting that intestinal inflammation
is increased not only under obese conditions, but also under
conditions of lipoatrophy or absence of abdominal fat as this
is supported by outcomes from mice fed an obesogenic/pro-
NAFLD HFD or MCD diet (25–28). In particular, MCD-fed mice
displayed increased intestinal inflammation that was correlated
with corresponding degrees of liver inflammation while showing
almost no abdominal fat. This suggests that intestinal inflammation
could be more important than white adipose tissue inflammation
in terms of triggering or exacerbating liver inflammation under
certain conditions, e.g., lipoatrophy.

As it is extensively reviewed elsewhere, gut dysbiosis is a
key factor contributing to NAFLD pathogenesis (29–32). Of
note, “leaky gut” is shown to increase the delivery of nutrients
and proinflammatory mediators to the liver to promote NAFLD
phenotype. This role of gut-derived mediator(s) is well exemplified
by the effect of bacterial DNA on promoting liver inflammation
in the context of STING involvement in the development of liver
inflammation (12). Initially, Luo et al. validated that gut microbial
DNA-containing extracellular vesicles (mEVs) were translocated in
the circulation and metabolic tissues including the liver in both
HFD-fed WT mice and obese humans relative to their respective
control. This type of mEVs is shown to enhance liver inflammation
in mice primarily through stimulating STING activation in liver
cells including hepatocytes. The same outcome could be expected
for liver macrophages, whose response to mEVs in terms of STING
activation, however, was not examined. It is worth noting that
liver CRIg+ macrophages were shown to exert a unique function
of clearing intestinal mEVs from circulation, thereby protecting
against liver inflammation. As substantial evidence, treatment of
chow diet-fed CRIg-deficient mice with obese mEVs significantly
increased the abundance of liver cytokines including interleukin
1 beta and tumor necrosis factor alpha relative to control-treated
CRIg-deficient mice. This effect of mEVs was significantly lighter in
WT mice, and was due to, in large part, the less activation of STING
pathway in the liver. Based on these findings, it is conceivable
that microbial DNA, when translocated to the liver, is capable
of stimulating liver inflammation in a manner involving STING.
While it remains debatable if normal hepatocytes express STING, it
is very likely that the STING in liver macrophages can be activated
by microbial DNA and account for liver inflammation.

5. Conclusion

Inflammation not only underlies the pathogenesis of NAFLD,
but also drives the progression of simple hepatic steatosis to
NASH (9, 10, 21, 33–36). In terms of regulating inflammation,
STING, an essential mediator of innate immunity, has also been
implicated to exert a crucial role in promoting macrophage
proinflammatory activation in a manner independent of IFNβ

production (11, 17). Within the liver, macrophage STING
can be activated by increased cGAS-cGAMP signaling in
response to intracellular dsDNA due to mitochondrial stress or
endoplasmic reticulum (ER) stress (14, 23). Moreover, under
stress conditions, e.g., excessive fat deposition in hepatocytes,
macrophage STING can be activated by increased cGAS-cGAMP
signaling in response to exogeneous dsDNA, e.g., mtDNA,
derived from hepatocytes (11, 16, 17, 22). This paracrine effect
of hepatocyte-driven mediators on macrophage STING activation
exemplifies dysregulation of crosstalk between macrophages
and hepatocytes in the context of promoting the pathogenesis
of NAFLD/NASH. In addition, during obesity, gut-derived
microbial DNA can also be translocated to the liver and
is expected to activate macrophage STING through cGAS-
cGAMP signaling (12). The combined effects of hepatic and
extrahepatic mediators on activating STING lead to enhanced
macrophage proinflammatory activation, which in turn promotes
liver inflammation and causes dysregulation of hepatocyte
fat metabolism to trigger or exacerbate hepatic steatosis. The
latter is attributable to, in large part, the paracrine effects
of macrophage-driven mediators including proinflammatory
cytokines on hepatocytes as reviewed elsewhere. As summarized
in Figure 1, the STING in macrophages plays a central role in
the pathogenesis of NAFLD. Accordingly, inhibiting STING in
liver macrophages/Kupffer cells may be a viable approach for the
management of NAFLD/NASH.
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Bioactive nutraceuticals 
oligo-lactic acid and fermented 
soy extract alleviate cognitive 
decline in mice in part via 
anti-neuroinflammation and 
modulation of gut microbiota
Hamid M. Abdolmaleky , Yin Sheng  and Jin-Rong Zhou *

Nutrition/Metabolism Laboratory, Department of Surgery, Beth Israel Deaconess Medical Center, 
Harvard Medical School, Boston, MA, United States

Introduction: Cognition decline is associated with aging and certain diseases, 
such as neurodegenerative or neuropsychiatric disorders, diabetes and chronic 
kidney disease. Inflammation/neuroinflammation is considered an important 
causal factor, and experimental evidence suggests that anti-inflammatory natural 
compounds may effectively prevent cognitive decline. The goal of this study was 
to evaluate the effects of two natural bioactive agents, oligo-lactic acid (LAP) and 
fermented soy extract (ImmunBalance, IMB), on cognition in an adenine-induced 
cognitive impairment mouse model and to investigate the modulation of related 
biomarkers.

Methods: Male C57 black mice were randomly assigned into the following 
experimental groups and received the corresponding treatments for 2 weeks 
before the use of adenine for model development: (1) negative control; (2) model 
control: injection of adenine at 50 mg/kg daily for 4 weeks; (3, 4) IMB groups: 
adenine injection and IMB oral gavage at 250 and 1,000 mg/kg BW, respectively; 
and (5) LAP group: adenine injection and LAP oral gavage at 1,000 mg/kg BW. 
One week after the model was developed, mice were evaluated for cognitive 
performances by using Y maze test, novel object recognition test, open field test, 
and Barnes maze tests. At the end of the experiment, brain tissues and cecum 
fecal samples were collected for analysis of gene expression and gut microbiota.

Results: Mice treated with LAP or IMB had significantly improved spatial working 
memory, spatial recognition memory (LAP only), novel object recognition, and 
spatial learning and memory, compared with those in the model group. Gene 
expression analysis showed that, among a panel of cognition related genes, six 
of them (ELOVL2, GLUT4, Nestein, SNCA, TGFB1, and TGFB2) were significantly 
altered in the model group. LAP treatment significantly reversed expression levels 
of inflammatory/neuroinflammatory genes (SNCA, TGFB1), and IMB significantly 
reversed expression levels of genes related to inflammation/neuroinflammation, 
neurogenesis, and energy metabolism (ELOVL2, GLUT4, Nestin, TGFB1, and 
TGFB2). The altered microbiome was attenuated only by IMB.

Discussion: In conclusion, our data showed that LAP improved cognition 
associated with regulating biomarkers related to neuroinflammation and energy 
metabolism, whereas IMB improved cognition associated with regulating 
biomarkers related to neuroinflammation, energy metabolism, and neurogenesis, 
and modulating gut microbiota. Our results suggest that LAP and IMB may 
improve cognitive performance in mice via distinct mechanisms of action.
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Introduction

Cognition is regarded as a higher function of the central nervous 
system (CNS) and includes attention, learning, memory, and executive 
processes (1). Cognition decline is associated with aging and certain 
diseases, such as neurodegenerative or neuropsychiatric disorders, 
diabetes, and chronic kidney disorder (CKD) (2). Despite efforts to 
develop novel therapeutic agents to improve cognitive function, few 
viable treatment options exist. However, several lines of evidence 
indicate that natural bioactive agents may provide effective preventive 
and/or therapeutic strategies to delay cognitive decline (3). More 
recent research data also provided strong evidence that nutritional 
compounds not only mediate their effects though their natural 
bioactive agents, their influence on gut microbiome alterations may 
also have significant beneficial or harmful consequences (4).

The science of microbial colonization of gut was limited before the 
development of microbial 16S rRNAs sequencing technology. Now, it 
has been shown that the mammals gut contains diverse bacterial 
elements which their total number is 10 times more than their body 
cells. Surprisingly, the gut microbial population collectively contain 
100 times more genes than human which are involved in the digestion 
of many nutritional compounds or production of nutrients and 
vitamins (Reviewed in Alam et al. (4)). There is also evidence that 
nutritional elements and food compounds affect the gut microbiome 
composition and thus their function as well. For example, it has been 
shown that in mice fed with high-fat diet, silybin decreases Firmicutes, 
Lactobacillus, Lachnoclostridium, and Lachnospiraceae_UCG-006, and 
increases the gut level of Bacteroidetes, Bacteroides, Blautia, and 
Akkermansia (5), while epigallocatechin-3-gallate (EGCG) increases 
Verrucomicrobia, Enterococcaceae, and Verrucomicrobiaceae, but 
decreases Deferribacteres, Lachnospiraceae, Desulfovibrionaceae, 
Bacteroidaceae, Proteobacteria, Prevotellaceae, Deferribacteraceae, and 
Rikenellaceae (6).

Furthermore, it has been shown that gut microbiota not only 
plays an important role in normal brain development, but also has 
significant impacts on animal behavior and cognitive status. For 
example, metabolomic analysis showed that four metabolites linked 
to neuropsychiatric disorders were down-regulated in germ-free 
mice (7). Additionally, gut microbiota manipulation in germ-free 
mice impacts fear extinction learning that is associated with gene 
expression alterations in single-nucleus RNA sequencing analysis of 
glia, excitatory neurons, and other brain cells in the medial 
prefrontal cortex (7). These mice also exhibit postsynaptic dendritic 
spines remodeling and hypoactivity of cue-encoding neurons in 
transcranial two-photon imaging analysis. However, selective 
microbiota re-establishment could restore normal extinction 
learning (7). Notably, increases in plasma tryptophan and 
hippocampal concentration of serotonin and its metabolite 
(5-hydroxyindoleacetic acid) was also shown in germ-free mice 
compared to the control mice. While the brain neurochemical 
changes remained stable until adulthood, restoring microbial 

colonization post weaning could reverse behavioral alterations in 
affected mice (8).

It has been reported that mice treated with adenine showed 
depressed locomotor activity associated with cognitive impairment, 
depleted brain norepinephrine, dopamine and serotonin, disrupted 
blood–brain barrier, and increased brain inflammation (9–12). In our 
previous study applying this mouse model to investigate the effect of 
bioactive components on CKD (13), we  found that the adenine-
treated mice had increased inflammation in circulation and in kidney 
tissues. Bioactive components, an oligo-lactic acid product (LAP) and/
or a fermented soy extract (ImmunBalance, IMB), alleviated adenine-
induced CKD associated with decreased circulating inflammatory 
cytokines and tissue inflammation. Our preliminary observation also 
indicated that mice in the model group had cognitive problems. 
Interestingly, LAP- and IMB-treated groups showed improved 
cognition and were more energetic and healthier than positive control 
mice (adenine treated). These results and observations suggest that 
LAP and/or IMB may have beneficial effects on improving cognition/
alleviating inflammation-associated cognitive impairment.

In this study, we propose to investigate the effects of LAP and/or 
IMB on improving cognition in adenine-induced mouse model of 
cognitive impairment, and to determine if improved cognition is 
associated with modulation of gut microbiota using and expression of 
inflammation related genes in brain tissue.

Materials and methods

Materials

A soy extract, IMB was prepared by a koji fermentation of defatted 
soybeans with Aspergillus oryzae and lactic acid bacteria (Pediococcus 
parvulus and Enterococcus faecium) according to a proprietary 
fermentation technology, followed by water extraction and purification 
of Koji polysaccharides®. IMB was provided by Nichimo Biotics Co., 
Ltd., Japan. Oligo-lactic acid product (LAP) was a condensate of about 
nine ester-linked molecules of L-lactic acid that was purified from 
fermentation products of sugar beet and corn with Lactobacilli 
according to a proprietary process. LAP was provided by LifeTrade 
Co., Ltd., Japan.

Animal study

Male C57BL/6 mice (8–9 weeks of age) were purchased from 
Taconic (Germantown, NY, United States), housed in a room at a 
temperature of 22 ± 2°C, relative humidity of about 60%, with a 12 h 
light–dark cycle, and free access to an AIN-93 M diet. After an 
acclimatization period of 1 week, mice were randomly assigned into 
the following five groups (n = 8/group) and receive the corresponding 
treatment for 2 weeks before the use of adenine for model 

125124

https://doi.org/10.3389/fnut.2023.1116278
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org


Abdolmaleky et al. 10.3389/fnut.2023.1116278

Frontiers in Nutrition 03 frontiersin.org

development: (1) negative control (NC): PBS injection and PBS oral 
gavage daily; (2) model control (MC): adenine injection 
intraperitoneally (i.p.) at a dose of 50 mg/kg daily for 28 days and PBS 
oral gavage daily; (3) IMB-low treatment (IMB-L): adenine injection, 
oral gavage of IMB at 250 mg/kg BW; (4) IMB-high treatment 
(IMB-H): adenine injection, oral gavage of IMB at the 1,000 mg/kg 
BW; and (5) LAP treatment: adenine injection, oral gavage of LAP at 
1,000 mg/kg BW. Our previous animal study indicated that IMB had 
a dose-dependent effect, whereas LAP did not show clear dose-
dependent effect (13). Therefore, we used two doses of IMB (250 and 
1,000 mg/kg BW) and one dose of LAP (1,000 mg/kg BW) in this 
study to evaluate the effect of treatments on cognition improvement 
and biomarkers alterations. Body weight and food intake were 
measured weekly. The cognition/memory evaluations were started 
1 week after adenine injection was finished. A diagram of experimental 
protocol is included as Figure 1.

Methods for memory/cognition tests

Y maze test
The Y maze was used to measure spatial working and recognition 

memory by making use of a rodent’s natural exploratory instincts (14). 
The Y-maze consists of three arms of equal length interconnected at 
120°. The Y Maze test includes two sessions. The first session measures 
spatial working memory, and the second session measures spatial 
recognition memory. The experimental procedures are described 
as follows:

Spatial working memory test: During the first session of the 
experiment to measure spatial working memory, all three arms of the 
maze were open. Specifically, mice were placed onto the end of one 
arm and allowed to explore freely for 5 min. The sequences of the arms 
entries were recorded. The spontaneous alternation behavior was 
calculated as the number of triads (three different arms, ABC not 
ABB) that contain entries into all three arms divided by the total visits. 
The first session represents a classic spontaneous alternation test of 
spatial working memory.

Spatial recognition memory test: The second session measures 
spatial recognition memory. During the testing phase, one of the arms 
of the maze was blocked while the mouse was allowed for a 5-min 

exploration of only two arms of the maze. After a 30 min break, the 
partition was removed and the mouse was allowed for another 5-min 
exploration. Since the first 2 min of activities were the most sensitive 
to measure spatial preference for a new arm, the time and number of 
visits to the new arm were calculated for the first 2 min of testing. The 
first 5 min of activities were also recorded and the motor activity was 
calculated as the number of arms visited for the whole period of the 
test. This experiment takes advantage of the innate tendency of mice 
to explore novel unexplored areas (e.g., the previously blocked arm). 
Mice with intact recognition memory prefer to explore a novel arm 
over the familiar arms, whereas mice with impaired spatial recognition 
memory enter all arms randomly. Thus, this experiment represents a 
classic test for spatial recognition memory.

Data were recorded and analyzed by using the Smartsuper 
software (Harvard Apparatus, Holliston, MA, United States) for the 
time spent in each arm overall, and the time spent in each arm for the 
first 2 and 5 min.

Novel object recognition test
This test was used to examine memory in animals. The mouse was 

presented with an object during acclimation and then in testing 
presented with a novel (new) object, and the amount of time the animal 
spends exploring the novel object was recorded. The mouse was then 
challenged further with a subsequent test where the novel object was 
moved. Here instead of a three-chamber apparatus, which was used in 
previous experiments (thus mice were familiar with), a rectangle 
chamber was used. The experimental protocols are described as follows:

Acclimation: Each animal was placed in a rectangle chamber 
without objects and was allowed to explore for 10 min. The procedures 
were repeated 24 and 48 h later, thus the total acclimation was 3 days.

Experiment setup-day 4: In the rectangle chamber apparatus, two 
identical objects were placed in the test chamber. The animal activity 
was recorded to track how much time was spent to interact with each 
of the objects, the “right object” and “left object,” for a fixed session 
length of 10 min. The animal’s nose must be within 1 cm of the object 
and directed at the object, or actually touch the object in order to 
be  considered time spent exploring the object. After 10 min, 
we removed the animal was putted back in its home cage and the 
chamber and objects were cleaned with 70% ethanol to remove 
any smell.

FIGURE 1

Diagram of experimental schedule.
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Experiment setup-day 5: One old object and one novel (new) 
object were putted in the chamber, and the animal activity was 
recorded for 5 min instead of 10 min. After an intertrial interval (ITI) 
of approximately 2 h, the location of the old object was moved so that 
it was located on a different wall and the steps were repeated, again 
using a 5 min trial length.

Open field test
Open field test was used to evaluate mouse fear and anxiety levels. 

In this test, a mouse was placed in rectangle apparatus and its activity 
was recorded for 10 min. Mouse instinct drives it to search in the 
corners and angles of the chamber instead of the middle part (open 
field) of the chamber. In this test, we also placed two identical objects 
in the chamber, one in a corner and another one in the middle of the 
chamber to assess the frequency and time the mouse spent with each 
object. The mouse was expected to spend more time with the object 
placed in the corner than that in the middle.

Barnes maze for spatial learning and memory test
Mice spatial learning and memory were assessed using Barnes 

maze test (Harvard Apparatus). Barnes maze is one of the best and 
ideal apparatus for testing spatial learning and memory in mice (14, 
15). The Barnes maze motivates animals to hide from the bright, 
open platform by finding the small, dark “escape box.” Animals learn 
the escape box’s location without the stress of swimming or food 
deprivation, and false escape boxes remove the possibility of 
inadvertent cues. With a variety of color options, Barnes maze 
adjusts to fit a wide range of experiments. In Barnes test, mice are 
trained in 3–5 sessions to find the escape box and after 5–7 days mice 
are tested for the time spent to find the escape box. We tested the 
mice for two successive days after 6 days interval. The data were 
collected and analyzed using the Smartsuper software 
(Harvard Apparatus).

At the end of Barnes maze test, mice were sacrificed, and 
biological samples (blood, brain, and cecum) were collected for 
analyses. A piece of mouse brain sample from the left frontal lobe 
(~30 mg) was used for RNA and DNA extraction. The fecal sample of 
mouse cecum was used for DNA extraction and microbiome profiling.

Gene expression analysis by quantitative 
real-time PCR (qRT-PCR)

An aliquot of hippocampus-containing brain tissues was used 
for gene expression analysis. In brief, following RNA extraction 
using Direct-Zol DNA/RNA MiniPrep kit (Zymo Research, Irvine, 
CA, United  States) and cDNA synthesis using Bio-Rad iScript 
cDNA synthesis kit (Hercules, CA, United States), expression levels 
of genes related to neurotransmission, inflammation, metabolism, 
and neuronal protection/regeneration were determined using 
CFX384 Touch real-time PCR detection system and Power SYBR™ 
Green PCR Master Mix (Applied Biosystems, Bedford, MA, 
United States) by following the established procedures (13). These 
genes included brain-derived neurotrophic factor (BDNF), 
dopamine beta-hydroxylase (DBH), dopamine receptor D2 
(DRD2), ELOVL fatty acid elongase 2 (ELOVL2), glucose 
transporter 4 (GLUT4), Huntington-associated protein 1 (HAP1), 
5-hydroxytryptamine receptor 2A (HTR2A), interleukin 1β (IL1B), 

IL4, IL6, NESTIN, phosphoinositide 3-kinase (PI3K), solute carrier 
family 6 member 4 (SLC6A4), synuclein alpha (SNCA), 
transforming growth factor beta 1 (TGFB1), TGFB2, and TSC 
complex subunit 1 (TSC1). All mRNA quantification data were 
calculated using the 2∆∆Ct method and normalized to GAPDH, 
presented as folds to the negative control (NC). The primer 
sequences of genes were taken from Harvard Primer Bank (listed in 
Table 1) designed for real-time PCR analysis and tested to assure 
that they generated a single PCR product.

Microbiome analysis of cecum fecal 
samples

DNA was extracted using Quick-DNA Fecal/Soil Microbiome 
Miniprep kit (Zymo research, cat # D6010) from 30 mg of fecal sample 
from the mouse cecum for microbiota analysis. After quantitation and 
quality control using NanoDrop One (Thermo Scientific), the 
extracted DNA (each ~100 ng/μl, in total volume of 100 μl) was diluted 
(10 ng/μl) and subjected to examination with one set of universal and 
one set of Lactobacillus specific primers (Table 2) (16) to reconfirm 
DNA quality. Then, DNA samples were sent to CoreBiome, Inc.1 for 
microbiome profiling using amplicon sequencing targeting variable 
region 4 of the bacterial 16S ribosomal RNA gene (16S rRNA). All 
quality control measures by CoreBiome experts confirmed the 
reliability of data presented in the result section.

The details of the methods are presented in www.corebiome.com 
and elsewhere by the developers (17).

Statistical analysis

Data were expressed as the group mean ± standard error and 
analyzed by one-way analysis of variance (ANOVA) test, followed by 
multiple comparison of least-significant difference (equal variances 
assumed) or Dunnett’s T3-test (equal variances not assumed) to 
evaluate the difference of parametric samples among groups. A 
p-value of <0.05 was considered statistically significant.

Results

Effects of treatments on body weight and 
food intake

There was no significant difference in the baseline body weight 
among experimental groups (Figure  2A). As expected, model 
induction via daily adenine injection reduced body weight (Figure 2B) 
in all modeled groups, compared with the negative control group, 
whereas there were no significant differences of body weight among 
the modeled groups. Similarly, mice in the modeled groups reduced 
food intake, compared with the NC group, but there were no 
significant differences of food intake among the modeled groups (data 
not shown).

1 www.corebiome.com
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Effects of LAP and IMB treatments on 
spatial working memory and recognition 
memory

Spatial working memory and recognition memory tests were 
performed using Y maze as described in methods. There were no 
significant changes in the total activity (numbers of arm entry) among 
different groups (Figure 3A). The model development significantly 
impaired spatial working memory (Figure 3B, p < 0.05) but did not 
significantly affect recognition memory (Figure 3C). Compared with 
the MC, mice treated with LAP had significantly better spatial working 
memory (Figure 3B, p < 0.05) and recognition memory (Figure 3C, 
p < 0.05). IMB treatment improved spatial working memory in a dose-
dependent manner and mice treated with the high dose IMB had 
significantly increased spatial working memory (Figure 3B, p < 0.05).

Effects of LAP and IMB treatments on novel 
object recognition and spatial learning and 
memory

As shown in Figure  4A, the MC mice had non-significant 
impairment of novel object recognition memory; mice treated with 
LAP significantly improved novel object recognition by over 30% 

(p < 0.05). IMB showed a dose-dependent effect on novel object 
recognition memory, and the high dose IMB treatment showed a 
significant effect (p < 0.05).

Barnes maze test was applied to determine spatial learning and 
memory. Compared with the NC, mice in the MC showed significantly 
impaired spatial learning and memory (Figure  4B, p < 0.05). This 
impaired memory was significantly improved by the treatment of LAP 
(p < 0.05) or IMB (p < 0.05 for IMB-L; p < 0.001 for IMB-H). Overall, 
IMB treatment showed a suggestive dose-dependent effect.

The results of open field test did not show significant alterations 
among any experimental groups (data not shown).

Effects of LAP and IMB treatments on gene 
expression levels of related biomarkers in 
brain tissues

We explored the expression levels of a panel of genes related to 
neurotransmission, inflammation, metabolism, and neuronal 
regeneration at RNA levels (including, BDNF, DBH, DRD2, 
ELOVL2, GLUT4, HAP1, HTR2A, IL1B, IL4, IL6, NESTIN, PI3K, 
SLC6A4, SNCA, TGFB1, TGFB2, and TSC1) aiming to identify 
candidate genes whose expressions were significantly altered in the 
model group and were significantly reversed by LAP and/or IMB 
treatments. Six candidate genes (ELOVL2, GLUT4, SNCA, Nestein, 
TGFB1, and TGFB2) were identified. As shown in Figure  5, 
compared with the NC, the model development (MC) significantly 
decreased the expression levels of GLUT4, NESTIN, TGFB1, and 
TGFB2 genes by 75, 80, 60, and 50%, respectively (p at least <0.05), 
and significantly increased the expression levels of ELOVL2 and 
SNCA genes by 60 and 55%, respectively (p < 0.05). Expression of 
TGFB1 was significantly increased by LAP (>100%, p < 0.05) and 

TABLE 1 The primer sequences for qRT-PCR.

Genes Forward Reverse

BDNF TCATACTTCGGTTGCATGAAGG AGACCTCTCGAACCTGCCC

DBH GAGGCGGCTTCCATGTACG TCCAGGGGGATGTGGTAGG

DRD2 ACCTGTCCTGGTACGATGATG GCATGGCATAGTAGTTGTAGTGG

ELOVL2 CCTGCTCTCGATATGGCTGG AAGAAGTGTGATTGCGAGGTTAT

GAPDH AGGTCGGTGTGAACGGATTTG GGGGTCGTTGATGGCAACA

GLUT-4 ATCATCCGGAACCTGGAGG CGGTCAGGCGCTTTAGACTC

HAP1 AGGTGAACCTGCGAGATGAC TGCTGGTCTTGATCCCTCTGT

HTR2A TAATGCAATTAGGTGACGACTCG GCAGGAGAGGTTGGTTCTGTTT

IL1B GCAACTGTTCCTGAACTCAACT TGGATGCTCTCATCAGGACAG

IL4 GGTCTCAACCCCCAGCTAGT GCCGATGATCTCTCTCAAGTGAT

IL6 CCAAGAGGTGAGTGCTTCCC CTGTTGTTCAGACTCTCTCCCT

Nestin CCCTGAAGTCGAGGAGCTG CTGCTGCACCTCTAAGCGA

PI3K TTATTGAACCAGTAGGCAACCG GCTATGAGGCGAGTTGAGATCC

SLC6A4 GTCATTGGCTATGCCGTGGA CACCCATTTCGGTGGTACTG

SNCA GACAAAAGAGGGTGTTCTCTATGTAG GCTCCTCCAACATTTGTCACTT

TGFB1 CTCCCGTGGCTTCTAGTGC GCCTTAGTTTGGACAGGATCTG

TGFB2 CTTCGACGTGACAGACGCT TTCGCTTTTATTCGGGATGATGT

TSC1 ATGGCCCAGTTAGCCAACATT CAGAATTGAGGGACTCCTTGAAG

TABLE 2 Primer sequences of microbiota analysis.

Lac-F AGCAGTAGGGAATCTTCCA Lactobacillus genus

Lac-R CACCGCTACACATGGAG Lactobacillus genus

Uni331F TCCTACGGGAGGCAGCAGT All bacteria

Uni797R GGACTACCAGGGTATCTATCCTGTT All bacteria
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IMB-H (>150%, p < 0.05; Figure 5E); the decreased expression of 
TGFB2 in model mice trended to be normalized by IMB treatment 
(Figure 5F). The reduced expression levels of GLUT4 (Figure 5B) 
and NESTIN (Figure  5C) in the MC mice were increased 

significantly by IMB-H treatment (>100 and 150%, respectively, 
p < 0.05). The increased expression of ELOVL2 in the MC mice was 
reversed only by IMB-L or IMB-H treatment (Figure 5A, ~40%, 
p < 0.05), whereas the increased expression of SNCA in the MC 

A B

FIGURE 2

Effects of treatments on body weights (BW). (A) Baseline BW; (B) BW after 4 weeks of model induction. Values are expressed as mean ± standard error. 
Within each panel, values with a superscript symbol are significantly different from the NC. *p < 0.05; **p < 0.01.

A B

C

FIGURE 3

Effects of treatments on spatial working memory and spatial recognition memory, as measured by Y maze test. (A) Total activity measured as the total 
numbers of arm entries in 5 min; (B) Spatial working memory measured as the correct trios (ABC or ACB) vs. total arm entry in 5 min; (C) Spatial 
recognition memory measured as the average number of entries to new arm in 5 min. Values are expressed as mean ± SE (n = 8). Within each panel, 
values with a superscript symbol “*” are significantly different from that of the MC. *p < 0.05.
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mice was significantly altered by the LAP treatments (Figure 5D, 
p < 0.05).

Effects of LAP and IMB treatments on gut 
microbiota

In general, the abundance of almost 60% (30 out of 51) of bacterial 
species exhibited significant changes in the MC, compared with that 
in the NC. As shown in Figure 6A the diversity of bacterial species 
decreased in the MC group which was recovered in part by 
IMB-H. Figure 6B shows the abundances of three common bacteria 
that were significantly altered in the MC group and were also reversed/
normalized in the IMB-H group. Compared with the NC, model 

development (MC) significantly decreased the abundance of 
Lachnospiraceae bacterium 28-4 (p < 0.05), but significantly increased 
abundances of Bifidobacterium pseudolongum and Faecalibaculum 
rodentium (p < 0.001). In general, IMB treatments recovered aberrant 
alterations in a dose-dependent manner and the high dose IMB 
(IMB-H) treatment had significant effects. On the other hand, LAP 
treatment did not show significant effects on reversing the abundance 
of these common bacteria altered in the MC group (Figure 6B).

The abundances of two phyla (out of seven phyla) were also 
altered significantly in the MC group (Figure 6C). Compared with the 
NC, the MC significantly increased the abundance of Actinobacteria 
(p < 0.01) and significantly decreased the abundance of Bacteroidetes 
(p < 0.001) (Figure 6C). Those alterations were significantly reversed 
by the treatment of high dose IMB (IMB-H), but not LAP or IMB-L.

A B

FIGURE 4

Effects of treatments on novel object recognition memory and spatial learning and memory. Mouse novel object recognition memory was tested 24 h 
after training (A); mouse spatial learning and memory was evaluated in Barnes maze test (B). Values are expressed as mean ± SE (n = 7–8). Within each 
panel, values with a superscript symbol “*” is significantly different from that of the MC (*p < 0.05; ***p < 0.001); and the value in the MC with a 
superscript symbol “#” is significantly different from that of the NC (#p < 0.05).

A B C

D E F

FIGURE 5

Effects of treatments on expression levels of genes that were significantly altered by model development and recovered by LAP and/or IMB treatment. 
ELOVL2 (A), GLUT-4 (B), Nestin (C), SNCA (D), TGFB1 (E), and TGFB2 (F). Values are expressed as mean ± SE (n = 7–8). Within each panel, values with a 
superscript symbol “*” are significantly different from that of the MC (*p < 0.05; **p < 0.01); and the value of the MC with a superscript symbol “#” is 
significantly different from that of the NC (#p < 0.05; ##p < 0.01).

130129

https://doi.org/10.3389/fnut.2023.1116278
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org


Abdolmaleky et al. 10.3389/fnut.2023.1116278

Frontiers in Nutrition 08 frontiersin.org

We also found that the model development significantly altered 
the abundances of several rare (Figure 7A) and very rare (Figure 7B) 
bacteria, and some treatments significantly reversed these alterations. 
In general, IMB treatment showed a dose-dependent effect on 
reversing model-induced alterations and the high dose IMB treatment 
effects were statistically significant. On the other hand, LAP treatment 
did not show significant effect on the abundances of those bacteria.

Discussion

In this study, we  evaluated the effects of two nutraceutical 
components, LAP and IMB, on cognitive status of adenine-induced 
cognitive impairment mouse model. Mice treated with LAP had 
significantly improved spatial working memory (Figure 3B), spatial 
recognition memory (Figure  3C), novel object recognition 
(Figure 4A), and spatial learning and memory (Figure 4B), compared 
with those in the MC group. Similarly, IMB treatment significantly 
improved spatial working memory (Figure  3B), novel object 
recognition (Figure 4A), and spatial learning and memory (Figure 4B) 
in a dose-dependent manner. Gene expression analysis showed that, 
among a panel of genes, six of them (ELOVL2, GLUT4, Nestein, 
SNCA, TGFB1, and TGFB2) were significantly altered in the model 
group, and their expression levels were significantly reversed by LAP 
(SNCA and TGFB1) and/or IMB (ELOVL2, GLUT4, Nestin, TGFB1, 
and TGFB2). On the other hand, the altered microbiome was 
attenuated only by IMB-H.

Our study showed that LAP could significantly alleviate 
adenine-induced cognitive impairment. While the mechanisms of 

LAP actions may remain elusive, it is possible that reduction of 
inflammation/neuroinflammation may be  one of the important 
mechanisms. The causal role of inflammation/neuroinflammation 
in cognitive impairment is well recognized. Our previous study 
showed that LAP reduced inflammatory lesions in kidney tissues, 
circulating levels of proinflammatory cytokines (IL-6 and 
IL-12p70), and mRNA levels of proinflammatory cytokines (IL-6, 
TLR-4, F4/F80, and IL-1ß) in kidney tissues (13). While 
histopathological evaluation of inflammation in brain tissues was 
not performed (in part due to insufficient tissue availability), 
we found that adenine significantly increased SNCA mRNA level 
and decreased TGFB1 mRNA level, and these alterations could 
be significantly reversed by LAP treatment. SNCA has recently been 
shown to be associated with decline of cognitive functions in older 
adults including Alzheimer’s disease patients possibly via 
mediation/induction of neuroinflammation (18, 19), supporting 
that SNCA may serve as an additional biomarker for determining 
poor cognitive functions (19). TGFB1 is an important anti-
inflammatory cytokine. It has been shown that its lower production 
may predict a longitudinal functional and cognitive decline in 
oldest-old individuals (20). Cumulatively, these results strongly 
suggest that one of the mechanisms by which LAP alleviates 
adenine-induced cognitive impairment may via modulating SNCA- 
and/or TGFB1- mediated neuroinflammation. Further research on 
studying how LAP may alter SNCA and/or TGFB1 expression and 
function is warranted.

LAP is a chain of nine lactate molecules, it is likely that LAP is 
broken to lactate and then lactate affect gene expression pattern and 
cognitive functions. Lactate has long been considered a byproduct 

A

C

B

FIGURE 6

Effects of treatments on gut microbiota. (A). A portray of cecum bacterial changes; (B). Effects of treatments on the abundance of three common 
bacteria; (C). Effects of treatments on the abundance of three phyla. Values are expressed as mean ± SE (n = 3–7). Within each panel (B or C), values with 
a superscript symbol “*” are significantly different from that of the corresponding MC (*p < 0.05; **p < 0.01; ***p < 0.001); and the value of the MC with a 
superscript symbol “#” is significantly different from that of the corresponding NC (#p < 0.05; ##p < 0.01; ###p < 0.001).
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of glycolysis (glucose breakdown) in anaerobic metabolism and a 
product of oxygen-limited metabolism. However, subsequent studies 
revealed that lactate is formed under both aerobic and anaerobic 
conditions (21). It was shown that lactate is taken up by liver and is 
converted to pyruvate by LDH to be  used in Krebs cycle. 
Nevertheless, other studies proposed the lactate shuttle hypothesis 
and demonstrated that lactate generated in peripheral tissue is 
transferred to other tissues to be used as fuel. For instance, lactate 
produced in muscles (during physical exercise) could be taken by 
heart and other tissues (e.g., brain) and used as fuel (22, 23). 
Therefore, it is also likely that LAP exerts its effects though 
these mechanisms.

Our study showed that IMB significantly alleviated adenine-
induced cognitive impairment. It is also possible that reduction of 
inflammation/neuroinflammation may be  one of the important 
mechanisms. IMB, to the less extend than LAP, reduced inflammatory 
lesions in kidney tissues, circulating levels of proinflammatory 
cytokines, and mRNA levels of proinflammatory cytokines in kidney 
tissues (13). In this study, we found that IMB significantly reversed 
adenine-induced alterations of mRNA levels of ELOVL2, GLUT4, 
Nestin, TGFB1, and TGFB2 genes. ELOVL2 improves synaptic 
functionality and regulates/mitigates brain inflammatory activity 
(24). It also inhibits apoptosis in pancreatic beta cells supporting its 
involvement in metabolic processes (25). GLUT4 is an insulin-
regulated glucose transporter. Animal models of insulin resistance 
showed memory deficit and a decrease in GLUT4 and hippocampal 
insulin signaling (26). The reduced GLUT4 expression in brain 
tissues of adenine-treated mice indicated that cognitive impairment 
is associated with impaired glucose utilization/energy metabolism in 
brain. The reduced GLUT4 expression in brain tissues of adenine-
treated mice indicated impaired neural stem cell production and 
reduced neurogenesis in brain. While the primary function of Nestin 
is related to neurogenesis from neural stem cells, neuroinflammation 
is also involved in Nestin-mediated neurogenesis (27). The 
significantly reduced Nestin expression in adenine-treated mice 

indicated impaired neurogenesis, which could be reversed by IMB 
treatment. In addition to TGFB1, TGFB2 also has anti-inflammatory 
functions (28). Similar to TGFB1, the reduced expression level of 
TGFB2  in adenine-treated mice was significantly increased by 
IMB. These cumulative experimental results strongly suggest that 
IMB may improve cognition in part via inhibiting neuroinflammation, 
increasing energy metabolism, and increasing neurogenesis processes.

IMB was prepared by a koji fermentation of defatted soybeans 
with Aspergillus oryzae and lactic acid bacteria (Pediococcus parvulus 
and Enterococcus faecium), followed by water extraction and 
purification of koji polysaccharides. Hydrolysis analysis showed that 
this polysaccharide was mainly consisted with arabinose (41.4%), 
galactose (23.7%), and xylose (10.4%) (13). The functional roles of 
polysaccharides in modulating gut microbiota have been well-
established. In this study, our microbiome analysis revealed that 
adenine treatment drastically altered the microbiome profile of the 
fecal samples of mice cecum. In fact, the abundance of almost 2/3 of 
bacterial species was changed at a significant level. Interestingly, IMB 
(especially IMB-H), but not LAP, could normalize the abundance of 
30% of the altered bacteria.

We found that mice in the MC had significantly increased 
abundance of Actinobacteria phylum and significantly decreased 
abundance of Bacteroidetes phylum. Previous research has 
suggested that Actinobacteria (mainly Bifidobacterium) may play 
a functional role in cognition. Patients with cognitive impairment 
had a higher abundance of Actinobacteria than that of the controls 
(29). Mice with depression also had increased abundance of 
Actinobacteria (30). Ovariectomized (OVX) mice fed a high-fat 
diet experienced impaired object recognition and spatial memory 
associated with increased Bifidobacteriales; administration of 
epigallocatechin gallate (EGCG) significantly improved cognition 
and memory and inhibited the increase of Bifidobacteriales (31). 
The results in our current study showed that IMB supplementation 
significantly improved cognition associated with significant 
reduction of Actinobacteria abundance. Further analysis also 

A B

FIGURE 7

Effects of treatments on abundance of rare (A) and very rare (B) bacteria in mice ceca. Within each panel, values with a superscript symbol “*” are 
significantly different from that of the corresponding MC (*p < 0.05; **p < 0.01; ***p < 0.001); and the value of the MC with a superscript symbol “#” is 
significantly different from that of the corresponding NC (#p < 0.05; ##p < 0.01; ###p < 0.001).
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showed that some Bifidobacterium species in the Actinobacteria 
phylum, such as the common bacteria s_Bifidobacterium_
pseudolongum (Figure  6B), and the very rare bacteria s_
Bifidobacterium_sp._AGR2158 and s_Bifidobacterium_animalis 
(Figure 7B), had significantly increased abundances in MC mice, 
which were reversed/normalized by IMB supplementation. These 
results suggest that IMB may improve cognition in part via 
inhibition of the abundance/function of bacteria species in 
Actinobacteria phylum.

Our results showed that the abundance of Bacteroidetes 
phylum (which includes notably Bacteroides and Prevotella 
genera) was significantly decreased in mice of adenine-induced 
cognitive impairment, and IMB treatment improved cognition 
associated with increased abundance of Bacteroidetes. It is well 
recognized that cognitive impairment is correlated to decreased 
abundance of Bacteroidetes and the increased 
Firmicutes/Bacteroidetes ratio. Alzheimer’s disease patients had 
significantly increased fecal abundance of Firmicutes but 
decreased abundance of Bacteroidetes compared to normal 
controls (32). Fecal microbiota transplantation improved 
cognition in patients with cognitive decline associated with 
enrichment of Bacteroidetes (33). Administration of young blood 
plasma significantly diminished the gut Firmicutes/Bacteroidetes 
ratio in middle-aged rats (34). Again, these results suggest that 
IMB may improve cognition in part via inhibition of the function 
of bacteria species in Bacteroidetes phylum.

In conclusion, our data demonstrated that LAP and IMB could 
improve cognitive performance in mice via distinct mechanisms 
of action. LAP may improve cognition in part via inhibiting 
inflammation/neuroinflammation and modulating metabolic 
process, whereas IMB may improve cognition in part via inhibiting 
inflammation/neuroinflammation, enhancing energy metabolism, 
increasing neurogenesis, and modulating gut microbiota 
(Figure 8).
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FIGURE 8

A diagram of suggested mechanisms of IMB and LAP actions. The results of circulating inflammatory cytokines are from our previous study (13).
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