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Editorial on the Research Topic

Novel Insights Into Obesity-Related Diseases

Obesity is a chronic disease with an excessive amount of or ectopically distributed body fat, which leads to
unfavorable cosmetic concern as well as increased risks of type 2 diabetes, cardiovascular diseases,
nonalcoholic fatty liver disease (NAFLD) and so forth, which could be named as obesity-related diseases.
Both obesity and the related diseases have reached epidemic proportions globally, being a major health,
economic and social problem worldwide. It has been estimated that global obesity rates have almost
tripled since 1975, and now over 671million adult individuals are living with obesity (Collaborators et al.,
2017; NCDRisk Factor Collaboration, 2017; The Lancet Diabetes and Endocrinology, 2021). Due to large
population base, China has the largest number of obese worldwide, with approximately 46% of adults and
15% of children being affected (Wang et al., 2017). Therefore, a comprehensive understanding of the
pathogenesis, along with the attempt to prevent or treat obesity and comorbidities is of great importance.
In this Research Topic named “Novel Insights into obesity-related diseases”, we aimed to gather the latest
knowledge from basic research to clinical trials relating to pathogenesis and treatment of obesity and
related disorders, in order to shed light on novel strategies for obesity management.

BARIATRIC SURGERY

Currently, bariatric surgery still stands for the most effective interventions for long-term weight loss and
alleviation of obesity-related diseases. Sleeve gastrectomy (SG) and Roux-en-Y gastric bypass (RYGB) are
the most commonly performed bariatric surgeries worldwide, accounting for 45.9% and 39.6%,
respectively (Angrisani et al., 2017; Pucci and Batterham, 2019). Bariatric surgery is usually
recommended for people with a body mass index (BMI) > 35 kg/m2 or 30–35 kg/m2 with
uncontrolled conditions (Zimmet et al., 2011). For Asian people with type 2 diabetes, the criterion
should be reduced by 2.5 kg/m2 (Dixon et al., 2011). In this Research Topic, the study by Luo et al. focused
on Chinese diabetic patients with BMI of 27.5–32.5 kg/m2, and reported a good insulin resistance
remission at 6months after laparoscopic SG andRYGB; Compared to SG, RYGB achieved a better diabetes
remission (56.23% vs. 29.41%), which is consistent with the prevailing viewpoint that RYGB is more
efficient in improving metabolic disorders (Padwal et al., 2011; Puzziferri et al., 2014) while SG has the
advantage of low risk in the perioperative period and less long-term complications (Frezza et al., 2009; Dick
et al., 2010). It seems to be the first report regarding diabetes control inChinese patients undergoing SG and
RYGB with relatively low BMI. Although bariatric surgery has been listed in a variety of obesity
management guidelines, some people are not willing to undertake the surgery. In the US, only 1–2%
of the eligible candidates undergo bariatric surgery for obesity each year (Gasoyan et al., 2019). Therefore,
some gastric restrictive bariatric devices have been proposed (Vargas et al., 2018) as less invasive
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alternatives. Wang et al. gave the first detailed review on this topic by
introducing efficacy and mechanisms of gastric band, gastric sleeve
implant, intragastric balloons and so forth. This review also pointed
out that the purely “restrictive” devices may take effect beyond just
mechanical restriction, which may be taken into consideration for
future device design.

Despite sustained clinical therapeutic effects of bariatric surgery,
the underlying mechanisms have not been fully elucidated. Diabetic
cardiomyopathy, defined as a distinct disease entity that occurs in
diabetic patients independent of primary cardiovascular disease (Jia
et al., 2018), can be partially attenuated by SG (Leung et al., 2016).
Two studies from the First Affiliated Hospital of Shandong First
Medical University in China focused on the mechanisms underlying
and found that both AMPK and MAPK signaling pathways were
involved in the diabetic cardiomyopathy amelioration after SG based
on a rodent model. These findings provide possible approaches to
combat diabetic cardiomyopathy in patients. Bile acids are thought to
be important mediators for metabolic benefits after bariatric surgery,
as they were universally increased in the serum postoperatively
(except purely restrictive procedures) (Wang et al., 2019). In the
field of bile acid research, the technique for bile acid subtype detection
is a necessity as different bile acid subtypes have distinct effects on
metabolism. Zhao et al. reviewed most of the popular techniques for
bile acid subtype detection, which helped researchers choose themost
suitable technique based on research models, diseases as well as
economic development and geographical factors. Apart from bile
acids, long noncoding RNAs (lncRNAs) are also involved in
metabolic improvements following bariatric surgery. Liang et al.
previously reported duodenal and jejunal lncRNA alterations after
duodenal-jejunal bypass (DJB) (Liang et al., 2017; Liang et al., 2018).
In this Research Topic, Liang et al. have extended their work to the
ileum, and found that dysregulated ileal lncRNAs were associated
with lipid and amino acid metabolism and might contribute to
postoperative energy homeostasis reestablishment. Instead of
focusing on one single mechanism, the series of studies by Liang
et al. used transcriptome analysis, which is a fundamental and
powerful tool, to understand the microscopic functional alteration
of certain organs after bariatric surgery. This methodology highlights
the importance of omics technologies and represents future research
direction in the modern era.

NOVEL THERAPIES

Compared to surgery, less invasive interventions are more acceptable.
Electroacupuncture is a combination of traditional Chinese
acupuncture and modern electrical treatment. The study by Sheng
et al. reported that electroacupuncture plus diet control improved the
community structure of intestinal flora and generated a therapeutic
effect for perimenopausal females with abdominal obesity. The results
were interesting and were promising for potential self-treatment at
home in the future.Maternal cigarette smoke exposure is a severe issue
and may cause preterm birth, low birth weight, and catch-up growth
in childhood (Collaco et al., 2017). The study by Zeng et al. provided a
potential strategy for reducing metabolic disorders in offspring by
adding L-leucine supplement based on rodent models. This represents
a novel discovery and worth further clinical verification.

PATHOPHYSIOLOGY OF OBESITY
RELATED DISORDERS

Obesity also causes alterations in cardiac metabolism, which make
ATP production less efficient, producing cardiac dysfunction (Alpert
et al., 2018; Elagizi et al., 2018; Nakamura and Sadoshima, 2020).
Adaptations to obesity-related metabolic disturbances induce
changes in cardiac energy substrate preference. Recent studies
have suggested lactate may represent an important fuel for the
myocardium during exercise or myocadiac stress (Murashige et al.,
2020; Cluntun et al., 2021). Dong et al. summarized the role of lactate
in cardiac metabolism and its relevance to the progression and
management of heart diseases, including acute myocardial ischemia
and heart failure, and in diabetic state. The new perspective has
prompted the research for understanding the role of lactate in
cardiac metabolism under both normal physiological and
pathological conditions. The effect of NAFLD on the whole
system has been well reviewed before. The review by Lu et al.,
for the first time, concentrated on the metabolic changes within the
hepatocytes and gave a detailed description of the pathogenesis and
outcomes of the disease. As the ultimate cure for NAFLD, liver
transplantation is widely performed. The study by Lai et al. reported
an altered microbial composition in liver transplantation patients by
using 16S rRNA sequencing of fecal samples. This study emphasized
the importance of “gut-liver” axis in maintaining metabolic integrity
and suggested that manipulation of gut microbiota may help
postoperative recovery.

Obesity and related diseases have been an important health
problem in the world. Fortunately, researchers never give up and
keep exploring in this field. In this Research Topic, most of the
studies concentrate on bariatric surgery including SG, RYGB,
DJB, and device implant, aiming to investigate the mechanisms
underlying and potential therapeutic targets. Electroacupuncture
and L-leucine supplementation, have been reported as new
therapies in perimenopausal patients with abdominal obesity
and maternal cigarette smoke exposure induced metabolic
disorder, respectively. Pathophysiology in heart diseases,
NAFLD, and after liver transplantation were also investigated;
Lactate and intestinal microbial composition are potential targets
for manipulation. In summary, articles in this Research Topic
have broadened our horizons and added novel insights into
obesity-related diseases.
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Objectives: Maternal cigarette smoke exposure (SE) causes intrauterine undernutrition,

resulting in increased risk for metabolic disorders and type 2 diabetes in the offspring

without sex differences. L-leucine supplementation has been shown to reduce body

weight and improve glucose metabolism in both obese animals and humans. In this

study, we aimed to determine whether postnatal L-leucine supplementation in female

offspring can ameliorate the detrimental impact of maternal SE.

Methods: Female Balb/c mice (6-week) were exposed to cigarette smoke (SE, 2

cigarettes/day) prior to mating for 5 weeks until the pups weaned. Sham dams were

exposed to air during the same period. Half of the female offspring from the SE and

SHAM dams were supplied with L-leucine via drinking water (1.5% w/w) after weaning

(21-day) for 10 weeks and sacrificed at 13 weeks (adulthood).

Results: Maternal SE during pregnancy resulted in smaller body weight and glucose

intolerance in the offspring. L-leucine supplement in Sham offspring reduced body

weight, fat mass, and fasting blood glucose levels compared with their untreated

littermates; however somatic growth was not changed. L-leucine supplement in

SE offspring improved glucose tolerance and reduced fat mass compared with

untreated littermates.

Conclusions: Postnatal L-leucine supplement could reduce fat accumulation and

ameliorate glucose metabolic disorder caused by maternal SE. The application of leucine

may provide a potential strategy for reducing metabolic disorders in offspring from

mothers who continued to smoke during pregnancy.

Keywords: maternal smoking, glucose intolerance, insulin, fat mass, leucine

INTRODUCTION

Tobacco smoking is a global public health risk. According to the WHO, in 2016, the smoking rate
in females over 15 years old was 20.7% in Europe, 12.4% in America, and 1.9% in China, while the
second-hand smoking rate in females was as high as 46.9% in China (Ding et al., 2016;WorldHealth
Organization, 2019). Maternal cigarette smoke exposure (SE), including direct and second-hand
smoking during pregnancy, is a major cause of intrauterine undernutrition resulting in
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several adverse health outcomes, including preterm birth, low
birth weight, and catch-up growth in childhood (Collaco et al.,
2017;Wagijo et al., 2017). In addition to these short-term adverse
effects, offspring frommothers exposed to cigarette smoke during
pregnancy are also more likely to develop metabolic disorders in
adulthood, such as glucose intolerance, type 2 diabetes, fatty liver
changes, dyslipidemia, and cardiovascular disease (Mendez et al.,
2008; Gorog et al., 2011; La Merrill et al., 2015).

Around 463 million people suffering from diabetes, which is
one of the greatest public health challenges in both developed
and developing countries (Saeedi et al., 2019). The incapability of
pancreatic β-cells to produce adequate insulin or reduced insulin
response in glucose deposit tissues leads to a chronic increase
in blood glucose level followed by vascular damages which are
the prime cause of death in diabetic patients (Bennett et al.,
2018; Zheng et al., 2018). Previous studies in rodent models
have shown that maternal nicotine treatment interrupts β-cell
functions in offspring, and maternal SE induced intrauterine
undernutrition is also associated with overconsumption in
offspring, increasing the risk of insulin resistance and glucose
intolerance (Holloway et al., 2005; Bruin et al., 2008, 2010;
Sullivan et al., 2014). Therefore, to reduce the risk of metabolic
disorder and diabetes, it is crucial to find effective preventive
strategies to ameliorate the adverse impacts of maternal SE
on offspring.

In the study of diabetes prevention, a high-protein diet
has been proven to produce better glycemic control, fat
loss, and preservation of muscle mass than a carbohydrate-
rich diet with the same caloric intake (Skov et al., 1999;
Parker et al., 2002; Layman et al., 2003). During this process,
branch chain amino acids, especially L-leucine, have been
suggested to play a critical role. Leucine is an essential
amino acid and can only be obtained from the diet. In the
brain, L-leucine activates the mammalian target of rapamycin
in the hypothalamus (Cota et al., 2006), resulting in its
beneficial effects of inducing weight loss, and improving glucose
homeostasis in mouse models of obesity and diabetes (Arakawa
et al., 2011; Chen et al., 2012; Westerterp-Plantenga et al.,
2014). This evidence suggests that leucine supplement can
be a potential strategy to prevent glucose disorders due to
maternal SE.

The regulatory network for energy homeostasis has been
widely studied in the hypothalamus where the neurons produce
the appetite stimulator neuropeptide Y (NPY), and appetite
suppressor α-melanocyte stimulating hormone cleaved from
proopiomelanocortin (POMC) (Morton et al., 2006). Chemicals
in cigarette smoke can inhibit hypothalamic NPY level and the
same can happen in fetal brain and suckling pups when they
continuously receive the chemicals from breastmilk. When the
suckling pups are weaned, it can induce quitting smoking type
of rebound response of NPY to cause overeating in childhood,
similar to what happens to smokers when they quit smoking
(Grove et al., 2001). In contrast, an intracerebroventricular
administration of L-leucine, could reduce food intake and
body weight in chow-fed animals, due to its suppression of
hypothalamic NPY expression (Cota et al., 2006). Dietary leucine
can pass the blood-brain barrier to access the brain (Chen et al.,

2012); however, in the situation of high fat diet consumption, oral
leucine supplement was not able to affect the adiposity but still
can improve glycemic control (Chen et al., 2012).

While it is increasingly recognized the importance of the
fetal environment on the susceptibility to future metabolic
disorders, it is also important to look for effective early
interventions to prevent adverse maternal impact in the
offspring. Therefore, we hypothesized that in offspring from
dams exposed to cigarette smoke during pregnancy, postnatal
L-leucine supplement in drinking water will prevent excess
fat accumulation and benefit glycemic control in adulthood.
To address this hypothesis, we used our published mouse
model of maternal SE (Huang et al., 2021) and supplied L-
leucine in the drinking water to the female offspring from
weaning for 10 weeks until they reached adulthood. As
there is no sexual difference in metabolic disorders due to
maternal SE, we only studied females. We aimed to investigate
the effects of maternal SE and postnatal leucine supplement
on body weight, adiposity, glucose tolerance, and the gene
expression of metabolic markers in the hypothalamus and
fat tissues.

MATERIALS AND METHODS

Animal Experiments
According to the previous publication on the strain dependence
of the response to cigarette smoke exposure (Vlahos et al., 2006),
female Balb/C mice (6-week-age) were used. They were housed
at 20 ± 2◦C and maintained on a 12:12 h light/dark cycle (lights
on 6:00 a.m.) with ad libitum access to standard rodent chow
and water. All the animal experiments were approved by the
Animal Ethics Committee of the San Yet-sun University (SYSU-
IACUC-2020-81060) and followed the guidelines for animal
care and use for scientific research by the National Institute of
Health, USA.

After acclimatization, mice with similar body weight were
randomly assigned to two groups, sham exposure (SHAM)
and SE. The SE group was exposed to smoke produced by 2
cigarettes (Double Happiness; Tar: 8mg; nicotine: 0.7mg; CO:
12mg) inside a perspex box (18 liters) in the fume hood, twice
a day for 5 weeks before mating and during the gestation
and lactation periods following a published protocol as we
have previously published (Huang et al., 2021). The breeders
in the SHAM group were treated identically except for the
exposure to the air. After 5 weeks of preconditioning, females
were placed with male mice to mate (ratio 3:1). All breeders
continuously received the same treatments until pups were
weaned. The pups and male breeders remained in their home
cages when the females were treated and not subjected to
any exposure.

Post-weaning L-Leucine Supplement in
Female Offspring
One day after birth, litter sizes were adjusted to 4–6 pups (sex
ratio 1:1) to minimize the impact of milk competition. The
pups were weaned at 21 days of age. Since there is no sexual
difference in the metabolic disorders due to maternal SE, only
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female offspring were used in the present study (males were
subjected to a different study). Within each litter, half of the
pups were supplied with L-leucine (Sigma, St Louis, MO, USA)
via drinking water (1.5% w/w) for 10 weeks. Normal drinking
water was provided to the other half of the litter. This yielded
four experimental groups, SHAM, SHAM-leucine, SE, and SE-
leucine. Water intake was measured 1 week before the endpoint
by recording the difference between the weight of the water bottle
at a 24 h interval.

Intraperitoneal Glucose Tolerance Test
(IPGTT)
IPGTT was performed in the offspring at 12 weeks of age as
previously described (Nguyen et al., 2015). In brief, after 5 h
of fasting, the baseline of glucose level was measured in blood
samples collected from the tail tip (T0) by Accu-Chek

R© glucose
meter (Roche, Germany). After glucose injection (2 g/kg, ip),
the same measurement was performed again at 15, 30, 60,
and 90min to calculate the area under the curve (AUC) for
each mouse.

Sample Collection
Female offspring were deeply anesthetized (ketamine/xylazine
180/32 mg/kg) at 13 weeks after overnight fasting. Blood
glucose levels were immediately measured by Accu-Chek R©

glucose meter after blood collection. Plasma was stored
at −20◦C for the measurement of insulin levels using a
commercially available ELISA kit following the manufacture’s
instruction (Abnova, Taiwan). The Homeostatic Model
Assessment of Insulin Resistance (HOMA-IR) was calculated
according to the formula: insulin (µU/mL) × glucose
(mM)/22.5. Thereafter, mice were subsequently sacrificed
by decapitation. The tissues including the hypothalamus,
body fat (brown fat, epididymal, retroperitoneal, and

visceral fat), organs (liver, kidney, and heart), as well as
skeletal muscle (soleus, extensor digitorum longus (EDL),
and quadratus lumborum) were dissected and weighed.
Hypothalamus, retroperitoneal fat, and brown fat were stored
at −80◦C for subsequent measurement of mRNA expression of
metabolic markers.

Quantitative Real-Time PCR Assays
Total RNA was isolated from individual samples by TriZol
Reagent following the manufacture’s protocol [Invitrogen,
United State of America (USA)]. The purified total
RNA was used for First-strand cDNA generation with a
synthesis kit (One-step gDNA Removal, TransGen Biotech,
China). TaqMan probe/primers were pre-optimized and
validated by the manufacturer (Thermo Fisher Scientific,
USA) were used for quantitative real-time PCR (CFX96,
Bio-Rad, USA). Target metabolic marker genes included
neuropeptide Y (Npy: Mm00445771_m1), neuropeptide Y1
receptor (Npy1r: Mm00445771_m1), proopiomelanocortin
(Pomc: Mm00435874_m1), melanocortin-4 receptor:
(Mc4r: Mm00457483_s1), single minded gene 1 (Sim1:
Mm00441390_m1), monocarboxylic acid transporters 2
(Mct2: Mm00441442_m1), monocarboxylic acid transporters
4 (Mct4: Mm01246824_g1), lactate dehydrogenase B (Ldhb:
Mm05874166_g1) in hypothalamus and carnitine palmitoyl-
transferase 1 alpha (Cpt1α:Mm00550438_m1), tumor necrosis
factor alpha (Tnfα: Mm00443259_g1), adipose triglyceride lipase
(Atgl: Mm01275939_g1), as well as uncoupling protein 1 (Ucp1:
Mm00494069_m1) in BAT.

Statistical Analysis
All the data are presented as mean ± SEM. Differences between
the groups were analyzed using two-way ANOVA, except for

TABLE 1 | Effects of maternal se and postnatal leucine supplement in female offspring.

Offspring treatments SHAM SHAM-leucine SE SE-leucine

(n = 18) (n = 18) (n = 16) (n = 16)

Body weight (g) 20.0 ± 0.3 19.3 ± 0.2ψ 18.6 ± 0.3* 18.4 ± 0.3*

Food intake (kJ/mouse/24 h) 34.9 ± 1.30 31.9 ± 1.76 36.7 ± 1.68 33.2 ± 1.93

HOMA 10.8 ± 1.21 9.07 ± 0.86 9.25 ± 0.93 10.5 ± 1.21

Naso-anal length (cm) 9.24 ± 0.08 9.17 ± 0.04 9.37 ± 0.37 8.96 ± 0.07

Liver (mg) 809 ± 14 712 ± 34ψ 745 ± 14 752 ± 21

Kidney (mg) 110 ± 2 107 ± 1 101 ± 3* 103 ± 2*

Heart (mg) 102 ± 3 99 ± 2 86 ± 3* 91 ± 2*

Brown fat (mg) 66.9 ± 2.5 62.7 ± 1.8 60.1 ± 3.0* 60.2 ± 1.8

Retroperitoneal fat (mg) 95.3 ± 7.6 76.3 ± 5.1ψ 80.9 ± 6.2 70.7 ± 5.6

Epididymal fat (mg) 521 ± 33 491 ± 22 507 ± 25 481 ± 36

Visceral fat (mg) 447 ± 16 428 ± 8 427 ± 14 403 ± 11

EDL (mg) 18.9 ± 0.6 18.7 ± 0.7 17.6 ± 0.4 16.8 ± 0.7*

Soleus (mg) 10.6 ±0.2 10.4 ± 0.2 9.8 ± 0.3* 9.9 ± 0.3

Quadra (mg) 253 ± 4 239 ± 7 242 ± 6 228 ± 8

Results are expressed as mean ± SEM, and analyzed by two-way ANOVA, followed by post hoc LSD tests. *P < 0.05, maternal SE effect; ψP < 0.05, leucine effect. EDL, extensor

digitorum longus; Quadra, quadratus lumborum muscle; SE, smoke exposure.
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FIGURE 1 | Blood glucose metabolic profile in female offspring. Plasma insulin (A) and blood glucose (B) level in female offspring at 13 weeks. Blood glucose levels

during Intraperitoneal glucose tolerance test (IPGTT, C) and the area under the curve (D) at 12 weeks. Results are expressed as the mean ± SEM (n = 8), and

analyzed by two-way ANOVA, followed by post-hoc LSD tests. *P < 0.05, ***P < 0.001.

glucose level during IPGTT which were analyzed by multi-
factor ANOVA, followed by post-hoc LSD tests, if the data were
normally distributed. If not, data were log-transformed to achieve
normality of distribution before they were analyzed. P < 0.05 was
considered statistically significant.

RESULTS

Effects of Maternal SE and Postnatal
L-Leucine Supplement on Anthropometry
At 13 weeks, mice in the SE groups showed smaller body
weight than those in the SHAM group (P < 0.05, Table 1),
consistent with the literature (Chan et al., 2016). Maternal SE
also significantly reduced the weights of vital organs and skeletal
muscle soleus (P < 0.05, SHAM vs. SE, Table 1). Although white
fat masses also appeared smaller in the SE offspring, they did not
reach statistical significance.

L-leucine supplement only significantly reduced body weight,
liver weight, and retroperitoneal white fat mass in the SHAM
offspring (P<0.05, SHAM-leucine vs. SHAM, Table 1). Such
treatment did not significantly affect any of the anthropometric
markers in the SE offspring, albeit smaller white fat mass
(Table 1).

Neither maternal SE nor post-weaning L-leucine supplement
affected food intake and somatic growth reflected by naso-anal

length (Table 1). The water intake was similar between SHAM-
leucine (3.62 ± 0.02 ml/mouse/day) and SE-leucine (3.17 ±

0.47 ml/mouse/day) groups in adulthood. This equivalent to a
leucine intake of 54.3mg/mouse/day and 47.6mg/mouse/day at
this time point.

Leucine Supplement Normalized the
Glucose Intolerance Caused by Maternal
SE
At 13 weeks, plasma insulin level was significantly decreased in
the SE group than that in the SHAM group (P < 0.05, SHAM vs.
SE, Figure 1A), although fasting blood glucose levels were similar
between the groups (Figure 1B). In addition, adult SE offspring
exhibited impaired ability to clear blood glucose during IPGTT
compared with the SHAM offspring, reflected by the higher AUC
values (P < 0.05, SHAM vs. SE, Figures 1C,D).

The supplement of leucine normalized plasma insulin level
in the SE offspring (P < 0.05, SE-leucine vs), reduced fasting
blood glucose in both SHAM and SE offspring (P < 0.05 vs.
untreated littermates, Figure 1B). Moreover, leucine supplement
effectively normalized glucose tolerance in the SE offspring (P
< 0.001, SE vs. SE-leucine, Figure 1D). However, systematic
glucose metabolism seems not to be related to insulin resistance,
as HOMA index was not significantly changed by maternal SE or
leucine supplement (Table 1).
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L-Leucine Supplement Restored Pomc

Expression in the Hypothalamus of SE
Offspring
To evaluate the effects of the maternal SE and post-weaning
leucine supplement on the feeding regulators, we measured food
intake and analyzed the mRNA expression of classical genes
involved in appetite regulation in the hypothalamus. There was
no difference in food intake among the groups (Table 1). In
the SE offspring, the levels of hypothalamic Npy and Npy1r
mRNA expression were similar to those in the SHAM offspring
(Figures 2A,B), whereas the Pomc expression was markedly
downregulated (P < 0.05, SHAM vs. SE, Figure 2C). However,
the expression of Mc4r, which is the dominant anorexigenic
receptor for Pomc derived α-melanocyte-stimulating hormone,
its downstream signaling Sim1, as well as lactate transportsMct2
and Mc4 and Ldhd (involved in lipid metabolism) was not
affected by maternal SE (Figures 2D–H), in line with unchanged
food intake.

Postweaning supplement of L-leucine only normalized Pomc
expression in SE-leucine group (p < 0.01, SE vs. SE-leucine,
Figure 2C). It did not significantly change any of the other
metabolic regulators in the hypothalamus measured in this
study, although there is a trend in increased Mct4 in both
SHAM and SE offspring (∼50% increase compared with their
untreated littermates, Figure 2G). However, food intake was not
significantly changed by leucine supplement (Table 1).

Effects on the Substrate Metabolic in the
Fat in Female Offspring
In the SE group, the expression of the thermogenesis markers
Ucp1 was downregulated by maternal SE (P < 0.05, Figure 3A).
There was a trend decrease in the expression of Atgl in
retroperitoneal fat by maternal, but the difference was not
statistically significant (Figure 3B). The expression of Cpt1α, a
rate-limiting regulator for fatty acid β-oxidation inmitochondria,
and inflammatory marker Tnfα was not affected by maternal SE
(Figures 3C,D).

L-leucine supplement reduced Ucp1 expression only in the
SHAM offspring (P < 0.05, SHAM-leucine vs. SHAM), and
increased Atgl expression only in the SE offspring (P < 0.01,
Figure 3B). Interestingly, although leucine showed no impact
on Cpt1α expression in either SHAM or SE offspring, its
level was significantly lower in SE-leucine mice compared to
SHAM-leucine group (P < 0.05, SHAM-leucine vs. SE-leucine,
Figure 3A). The expression of Tnfα was not affected by L-leucine
supplement (Figure 3D).

DISCUSSION

The smoking cessation rate among pregnant women is quite
low (Coleman et al., 2015). This possesses a significant health
risk in their offspring later in life. Finding a non-invasive and
effective prophylactic strategy to protect such offspring can
significantly improve their quality of life in the long term.
The novel approach of this study is the introduction of post-
weaning leucine supplement in the offspring to ameliorate

the adverse impact of maternal SE. We found that leucine
supplement normalized glucose metabolic disorders and insulin
insufficiency caused bymaternal SE in adult offspring. Even in the
SHAM offspring, leucine supplement reduced their fat mass and
lowered fasting blood glucose without affecting somatic growth,
suggesting its benefit to metabolic profile in general.

In this study, we demonstrated the detrimental effect of
maternal SE during pregnancy, which led to smaller body weight,
glucose intolerance, and lower plasma insulin level in adult
offspring. This is consistent with the literature (Saad et al.,
2018; Li et al., 2019). Our study also showed long-lasting
effects of maternal SE during pregnancy on reduced lean body
mass, including the vital organs (e.g., liver) and skeletal muscle
soleus. Tobacco smoke contains over 5000 harmful chemicals
(Talhout et al., 2011). The nicotine in cigarette smoke was found
to reduce the uteroplacental blood flow leading to inefficient
nutrition supplement for the growing fetus. Nicotine can also
cross the blood-placental barrier to enter the fetal circulation
to concentrate higher nicotine level than that in smoking
mother, which further disrupted normal development of the
endocrine, neurologic, respiratory, and cardiovascular systems
(Lisboa et al., 2012; Holbrook, 2016; Jamshed et al., 2020). In
addition, CO inhibits oxygen delivery to the cells and cause in
utero hypoxia due to a great affinity to hemoglobin and increases
carboxyhemoglobin levels in umbilical arteries (Ko et al., 2014).
In the present study, fetal underdevelopment was not corrected
by so called “catch-up growth” after birth in humans (Al Mamun
et al., 2006; Darendeliler, 2019). This may be due to the diet in
the animal study, which is standard rodent chow with balanced
nutrition; whereas in humans, smoking mothers are more likely
to consume foods high in sugar and saturated fat which they also
feed to their children (Al Mamun et al., 2006). This dietary choice
would encourage the development of obesity in such offspring.
Future studies can introduce the second insult of high fat diet
consumption in the offspring to further study the mechanism
underlying metabolic disorders in this population.

Furthermore, we also observed that maternal SE would induce
glucose intolerance together with reduced plasma insulin level,
which is consistent with the previous study in both human
and mouse models (Henkin et al., 1999; Chen et al., 2011). In
rodent models of nicotine exposure during lactation, pancreatic
β-cells depletion with subsequent impaired glucose homeostasis
was observed, suggesting the toxic effect of nicotine on β-cell
function (Bruin et al., 2010; Primo et al., 2013). In addition, in the
major glucose deposition organ fat tissue, the pro-inflammatory
cytokine TNFα can directly block the insulin receptor signaling
pathway to cause insulin resistance and glucose intolerance
(Montgomery and Ekbom, 2002; Vuguin et al., 2004). However,
in this study, the expression of fat Tnfα was not changed
by maternal SE, in line with HOMA index ruling out the
involvement of insulin resistance, suggesting insufficient insulin
production may be the major driver of glucose metabolism
disorder in the offspring with in-utero SE exposure. In humans,
maternal smoking is linked to an increased risk of type 2 diabetes
independent of diet choices (Jaddoe et al., 2014).

In the SE offspring, the fat mass of all pads collected in this
study was reduced although without statistical significance. This
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FIGURE 2 | Expression of metabolic regulators in the hypothalamus. The mRNA expression of Npy (A), Npy1r (B), Pomc (C), Mc4R (D), Sim1 (E), Mct2 (F), Mct4

(G), and Ldhb (H) in the hypothalamus of female offspring at 13 weeks (n = 8). Results are expressed as mean ± SEM and analyzed by two-way ANOVA, followed by

post hoc LSD tests. *P < 0.05, **P < 0.01.

may lead to the adaptive reduction in Ucp1 expression. UCP1
mediate non-shivering thermogenesis and basal metabolic rate
in brown fat (Cannon and Nedergaard, 2004). Fasting or chronic
food restriction can downregulate Ucp1 expression (Cannon and

Nedergaard, 2004; Oelkrug et al., 2015; Peixoto et al., 2020). It is
unclear the contribution of downregulated hypothalamic Pomc
expression as none of its downstream signaling elements in the
regulation of metabolic homeostasis was changed accordingly,
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FIGURE 3 | Expression of lipid metabolic markers in the retroperitoneal white fat tissue. mRNA expression of uncoupling protein (Ucp)1 in the brown fat (A), Atgl (B),

Cpt1α (C), and Tnfα (D) in the retroperitoneal fat, in female offspring at 13 weeks (n = 8). Results are expressed as mean ± SEM. Data were analyzed by two-way

ANOVA, followed by post-hoc LSD tests. *P < 0.05, **P < 0.01.

which requires investigations into other functions of Pomc. It
may also be an adaptive response to reduced fat mass.

L-leucine supplements have been shown to improve glucose
metabolism and insulin sensitivity even in obese rats (Bassil
et al., 2007; Berry-Kravis et al., 2007; Chen et al., 2012). Indeed,
the most prominent benefit of leucine supplement is perhaps
the normalized glucose metabolism in the SE offspring. Since
HOMA index was not significantly affected, the mechanism of
improved glucose metabolism may not be related to insulin
sensitivity, but driven by significantly increased blood insulin
levels. This observation is supported by previous studies showing
the beneficial effect of leucine on β-cell function and metabolism
(Yang et al., 2010). L-leucine is an essential amino acid that is
normally obtained via diet. Considering the independent risk
of type 2 diabetes by maternal smoking, human trials can be
considered to implement such prophylactic treatment.

Furthermore, in the SHAM offspring, L-leucine
administration reduced their body weight and fat mass. As
a result, Ucp1 is downregulated to prevent excessive energy
expenditure. Previous studies in mice demonstrated that leucine
promotes fat loss by increasing fatty acid utilization in adipocytes
(Gual et al., 2005; Sun and Zemel, 2007; Zhang et al., 2007).
Atgl is an essential enzyme to break down triglycerides into
free fatty acids and glycerol and CPT1α is the rate limiting step
for β-oxidation of fatty acids into ATP in the mitochondria.
With L-leucine supplement, both markers were non-significantly

increased in the SHAM offspring. It raised the question of
whether a statistical significance is required to exert physiological
function. Nevertheless, the administration of leucine upregulated
Atgl expression, in the face of some reduction in fat mass. In
the SE offspring, fat loss was not as prominent as the SHAM
offspring. This may be due to the need for a minimum amount of
fat tissue to maintain normal metabolic function. Leucine did not
show a measurable impact on the key metabolic regulators in the
hypothalamus, which is somewhat consistent with our previous
study using long-term leucine supplement (Chen et al., 2012).
This suggests that peripheral tissues may be the primary targets
in such setting. Future studies can also investigate whether
this alteration can protect the SE offspring from high fat diet
consumption induced obesity.

We need to acknowledge the limitations of this study. We
only trialed one dose of L-leucine according to our previous
study (Chen et al., 2012) in the female offspring to prove the
concept. Previously, leucine supplement was shown to improve
glucose metabolic disorders due to maternal obesity in male
offspring (Chen et al., 2012; Saad et al., 2018). As this study
was only performed on female mice, the positive outcome on
glucose metabolism may not happen in the male offspring, who
also showed similar metabolic disorders in our previous studies
on the same model (Nguyen et al., 2015; Saad et al., 2018; Li
et al., 2019; Huang et al., 2021). Future studies can investigate
a dose-response curve of such treatment in both male and
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female offspring. In this study, we only measured the classical
metabolic regulators, which were not affected by a combination
of a nutritional balanced diet and leucine. This may be due
to glucose intolerance as the only measurable abnormality in
this model. Future studies can induce more severe metabolic
disorders by introducing additional risk factors.

CONCLUSION

L-leucine supplement can reduce fat mass potentially by
increasing lipid breakdown and/or metabolism in the fat tissue
in both SHAM and SE offspring. Importantly, our study also
suggests the benefits of postnatal L-leucine supplement to
improve glucose tolerance in SE offspring by improving their
blood insulin levels, which may potentially reduce the risk of
type 2 diabetes. Future studies can employ additional high fat
diet feeding in the SE offspring to confirm the prophylactic effects
of L-leucine supplement on the development of obesity and type
2 diabetes.
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The myocardium is capable of utilizing different energy substrates, which is referred to
as “metabolic flexibility.” This process assures ATP production from fatty acids, glucose,
lactate, amino acids, and ketones, in the face of varying metabolic contexts. In the
normal physiological state, the oxidation of fatty acids contributes to approximately
60% of energy required, and the oxidation of other substrates provides the rest. The
accumulation of lactate in ischemic and hypoxic tissues has traditionally be considered
as a by-product, and of little utility. However, recent evidence suggests that lactate
may represent an important fuel for the myocardium during exercise or myocadiac
stress. This new paradigm drives increasing interest in understanding its role in cardiac
metabolism under both physiological and pathological conditions. In recent years, blood
lactate has been regarded as a signal of stress in cardiac disease, linking to prognosis
in patients with myocardial ischemia or heart failure. In this review, we discuss the
importance of lactate as an energy source and its relevance to the progression and
management of heart diseases.

Keywords: myocardium, cardiac metabolism, energy substrate, lactate, lactate shuttle theory, myocardial
ischemia, heart failure, diabetic cardiomyopathy

INTRODUCTION

The heart is an efficient bio-pump of high energy demand. Adenosine triphosphate (ATP) is the
direct source of energy that supports the contraction and relaxation of the myocardium. ATP can
be derived through the processes of oxidation and fermentation, during which the intermediate
pyruvate is transformed into lactate. The latter has long been considered to be a by-product of
glucose metabolism. Over the last several decades, amounting research has demonstrated that
lactate is a major energy substrate for skeletal muscle, heart and brain (Gertz et al., 1988; Bergman
et al., 1999b; Glenn et al., 2015), as well as a main gluconeogenesis precursor (Bergman et al.,
2000; Meyer et al., 2002a,b; Emhoff et al., 2013b) and a signaling molecule (Hashimoto et al.,
2007). Increased levels of blood lactate are also associated with poor outcomes in critical systemic
diseases, including severe trauma, hypoxemia, septic shock and so forth (Cerovic et al., 2003;
Nguyen et al., 2004; Khosravani et al., 2009). However, the biochemical and clinical significance
of lactate within the field of myocadiac metabolism remains under-appreciated, reflecting an
incomplete understanding of its production, transport, metabolism and biological functions
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(Garcia-Alvarez et al., 2014). Herein, we discuss myocardial
energy metabolism, with an emphasis on the role of lactate
metabolism and its relevance to the progression and management
of heart diseases, including acute myocardial ischemia, and heart
failure, and on diabetic state.

HISTORICAL VIEW ON MYOCARDIAL
ENERGY METABOLISM

The initial understanding of cardiac function was first described
by a Greek philosopher Aristotle. According to the latter, the
heart produces necessary heat to maintain life, and cessation of
the heartbeat means absence of life (Beloukas et al., 2013). This
philosophy led to the recognition of energy metabolism being
central to cardiac function and the capacity of cardiomyocyte to
utilize various substrates to provide energy.

Oxygen was identified as a basic element of cardiac
metabolism and function as early as in the 18th century (Gh,
2006). Subsequently, carbohydrate was described as an energy
substrate during cardiac contraction (Locke and Rosenheim,
1907), but contributed no more than a third to the total cardiac
energy demand (Evans, 1914). This observation stimulated
the search of other energy substrates for myocadiac energy
metabolism, which had been advanced rapidly since the
introduction of coronary sinus catheterization technique (Bing
et al., 1947). In this way, the oxygen extraction ratios can be
computed to reflect the aerobic catabolism of different substrates.
In 1954, Bing and his colleagues assessed the utilization of
glucose, lactate, pyruvate, fatty acids, ketones and amino acids of
the heart in vivo (Bing et al., 1947; Bing, 1954), and showed that
fatty acids were the major energy substrate of the human heart,
accounting for 67% of the total usage of oxygen. Surprisingly,
lactate, formerly known as a metabolic waste product and fatigue
agent, contributed 16.5% to the total usage of oxygen, in a
comparable degree to glucose (17.9%) (Bing, 1954).

Subsequent studies concentrated on energy substrate usage
of the heart under different circumstances. Keul et al. (1965a,b)
found that, in humans during moderate intensity exercise,
the contribution of fatty acids fell from 34 to 21%, while
the contribution of lactate increased from 29 to 62%. In
anesthetized dogs, the contribution of lactate to cardiac oxidative
energy production increased to 87% when the arterial lactate
concentration exceeded 4.5 mmol/L (Drake et al., 1980). These
studies suggest that lactate competes with fatty acids for cardiac
oxygen consumption. In recent years, the emergence of dual
carbon-labeled carbohydrate isotope technique has allowed
myocardial substrate utilization to be quantified precisely in
humans. Based on this technique, it was observed that the
myocardial isotopic lactate uptake increased from 34.9 µmol/min
at rest to 120.4 µmol/min at 5 min of moderate intensity exercise
in healthy male subjects (Gertz et al., 1988). This result further
confirmed lactate as an important energy substrate for the heart,
particularly under stress. It is now widely accepted that the
heart uses various energy substrates to generate ATP, which
is key to the maintenance of normal cardiac function under
different circumstances.

MYOCARDIAL LACTATE METABOLISM

As discussed, in addition to fatty acids, carbon sources,
including glucose and lactate, are important energy substrates
of the myocardium. Traditionally, it has been thought that full
oxidation of glucose to CO2 provides most cells energy in human
body, and lactate is only a product of incomplete oxidation in
the face of urgent energy demands. However, if this was the case,
whole-body glucose consumption would dominate over lactate
consumption, and lactate production would be equivalent to its
clearance (as a precursor of hepatic and renal gluconeogenesis).
Rather, lactate has a circulatory turnover flux approximately twice
that of glucose on a molar basis during fasting (Dunn et al.,
1976; Katz et al., 1981; Stanley et al., 1986; Wolfe, 1990). Modern
studies have proved that lactate could be produced continuously
under aerobic conditions, and be used as an important energy
source for the heart (Brooks, 2018). Accordingly, “lactate shuttle
theory” was proposed to describe the transport and function of
lactate within the body: lactate could act as the vehicle linking
glycolysis and oxidative metabolism, and the linkages between
lactate “producer” and “consumer” exist within and among cells,
tissues, and organs (Brooks, 2018). In this section we will discuss
the development of lactate shuttle theory in the context of
myocardial energy metabolism.

Tissue-Tissue and Cell-Cell Lactate
Transport
Benefiting from the development of differential arterio-venous
metabolite analysis and radiotracer techniques, the whole process
of circulating lactate production and disposal was characterized
in several animal studies (Brooks et al., 1984). In rats, intravenous
injection of 14C-lactate resulted in exhaled breath gas containing
14CO2, providing early evidence for the concept of circulating
lactate in contributing to energy metabolism (Brooks et al., 1973;
Brooks and Gaesser, 1980). To better explore the production and
disposal of circulating lactate across diverse physiological states,
Donovan CM and Brooks GA subsequently recorded rates of
lactate disposal in rodent models both at rest and during exercise
with radiotracer techniques (Brooks and White, 1978; Brooks
and Donovan, 1983; Donovan and Brooks, 1983). By measuring
the quantity and activity of O2, CO2, circulating carbon sources
(glucose and lactate) and other metabolites during resting and
exercise (Brooks et al., 1977), the authors observed in rats that
the rates of lactate flux in circulating peripheral blood were
unanticipatedly high in the resting state, although to a lesser
extent when compared to glucose flux. However, during exercise,
the rates of lactate flux in circulating blood were observed to
increase above those of glucose flux.

These phenomena are likely to have reflected the breakdown
of glycogen and an increase in the production of lactate
during exercise. However, the latter was not necessarily
accompanied by increased blood lactate concentrations (Brooks
and Donovan, 1983; Donovan and Brooks, 1983), which can be
attributed to the markedly increased lactate metabolic clearance
rate during exercise. Hence, relatively stable blood lactate
concentration during exercise can be explained by a greater
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lactate metabolic clearance rate due to increased lactate oxidation
and gluconeogenesis. Such adaption can avoid metabolic acidosis
during exercise. As technology improves, non-invasive and
non-radiating methods are available for evaluation of glucose and
lactate metabolism in the human body, and the aforementioned
effects of exercise on glucose and lactate flux rates have also
been consistently replicated (Stanley et al., 1985; Mazzeo et al.,
1986; Bergman et al., 1999a,b, 2000; Emhoff et al., 2013a,b).
Fluctuations of lactate in the blood indicate that lactate transport
between different tissues via the circulatory system. However, the
main producers and consumers of blood lactate underlying these
changes remain unknown.

In the following research, investigators attempted to assess
tissue specificity of lactate metabolism (Katz et al., 1981; Stanley
et al., 1986; Gertz et al., 1988; Bergman et al., 1999a,b). Two
earlier studies in the 1970s found that lactate concentrations in
red skeletal muscles in motion were lower than white skeletal
muscles and their blood supplies (Mole et al., 1973; Hooker and
Baldwin, 1979). Although these phenomena seemed unexplained
at that time, this provided early evidence to suggest working
skeletal muscles as a source of the circulating lactate. In 1988,
the utilization of lactate released from working muscles by
heart as a carbon source was observed (Gertz et al., 1988),
which marked an important milestone for research in lactate
metabolism. Subsequently, lactate transport between white and
red skeletal muscles (Stanley et al., 1986; Bergman et al., 1999a),
and between working skeletal muscles and heart were gradually
identified (Katz et al., 1981; Gertz et al., 1988; Bergman et al.,
2009). It is now well-documented that the beating heart takes
up, and oxidizes lactate as a consumer in the process of the
lactate transport.

The potential for lactate to transport across neighboring
cells and tissues has been reported over two decades.
It was initially found to occur in astrocytes-neurons in
brain and fibroblasts-cancer cells in tumors (Lisanti et al.,
2013; Magistretti and Allaman, 2015). Recently, mouse
cardiomyocytes and fibroblasts co-culture models have shown
the fibroblasts-cardiomyocytes lactate transport (Wisniewski
et al., 2015; Gizak et al., 2020), supporting the concept that
cardiomyocytes and fibroblasts form metabolic syncytia to
share energy substrates, including lactate, and exchange
molecular signals. Neighboring lactate transport improves
energy metabolism efficiency and orchestrates substrate
utilization in tissues. Such a metabolic architecture enables
metabolic adaptability and plasticity. Nevertheless, accurate
mechanisms of lactate transport between cardiomyocytes and
fibroblasts are still unclear.

Transmembrane and Intracellular
Lactate Transport
The increasing recognition of tissue-tissue and cell-cell lactate
transport has provided a strong impetus to understand the
metabolic fate of lactate transport and utilization within the
cell. The discovery of membrane lactate transporters provided
a plausible explanation of the transmembrane lactate transport.
Lactate oxidation rates comply with Michaelis-Menten kinetics,

suggesting that cellular uptake and release of lactate are facilitated
by membrane transporters. The membrane lactate transporter
was first observed on rat sarcolemmal vesicles in 1990 (Roth
and Brooks, 1990), and subsequently named as monocarboxylate
transport (MCT) (Garcia et al., 1994).

Hitherto, various isoforms of MCT have been identified to
account for intracellular lactate transport, but how is lactate
utilized in the cell, and the site at which the intracellular lactate
utilization takes place remains debated. Previous studies on
humans and various mammals demonstrated that intracellular
lactate metabolism consumes oxygen (Depocas et al., 1969;
Donovan and Brooks, 1983; Stanley et al., 1985; Mazzeo
et al., 1986). Lactate oxidation for energy supply especially
prominent when heart or muscle is in load condition (Gertz
et al., 1981, 1988; Stanley et al., 1986; Bergman et al., 1999b).
With this in mind, issues arose about exactly where lactate
oxidation happened within a working cardiomyocyte. Given that
lactate dehydrogenase (LDH), a key enzyme to catalyze the
inter-conversion of lactate and pyruvate, is widely present in
the cytosol, lactate oxidation was first considered to take place
in the cytosol. However, the results from some studies were
inconsistent (Laughlin et al., 1993; Chatham et al., 2001). In
working muscles-beating heart lactate syncytium, increased rates
of lactate flux were found to accompany by augmented blood flow
and oxygen consumption. In addition, when 13C-pyruvate was
injected into myocardial blood circulation, the peaks of cytosolic
13C-pyruvate and 13C-lactate were observed. However, when
13C-lactate was injected directly, 13C-pyruvate was not detected
in the cytosol (Chatham et al., 2001).

If not in the cytosol, where does intracellular lactate
oxidation occur? Another candidate location for intracellular
lactate oxidation is the mitochondria, the pivotal organelle
for energy metabolism. Lactate oxidation was observed in
several mitochondrial preparations (Kline et al., 1986; Brandt
et al., 1987; De Bari et al., 2004; Passarella et al., 2014), of
which mitochondrial preparations from human skeletal muscles
provided the strongest evidence (Jacobs et al., 2013). Lactate
oxidative capacity of muscle mitochondria was subsequently
confirmed by magnetic resonance spectroscopy imaging (MRSI)
(Park et al., 2015; Chen et al., 2016). However, some studies
using the same experimental settings showed inconsistent
results, challenging the lactate oxidative capacity in the
mitochondria (Popinigis et al., 1991; Sahlin et al., 2002).
This discrepancy might be related to the separation process
of mitochondria (Kirkwood et al., 1986; Glancy et al.,
2017), which is highly dependent on the isolated system
and susceptible to be contamination and/or disturbance.
Therefore, confirmation by more reliable experiments is still
required due to its conceptual importance. More recently,
identification of the mitochondrial lactate oxidation complex
(mLOC) with techniques of organelle purification and magnetic
resonance spectroscopy imaging has provided solid evidence on
mitochondrial transmembrane transport of lactate mitochondria
as a key site of intracellular lactate oxidation (Figure 1; Park et al.,
2015; Chen et al., 2016). Components of the mLOC include the
MCT1, CD147, LDH, terminal electron transport chain element
cytochrome oxidase (COX), pyruvate dehydrogenase (PDH),
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FIGURE 1 | The intracellular lactate shuttle. Both extracellular uptake and glycolytic production make up the cytosolic lactate pool. Intracellular lactate is shuttled
from the cytoplasm to mitochondria for subsequent oxidization, facilitated by the mitochondrial lactate oxidation complex (mLOC). Monocarboxylate transporter 1
(MCT1) is inserted into the inner mitochondrial membrane, and CD147 is an indispensable chaperone protein of MCT1. Mitochondrial LDH (mLDH) is distributed on
the surface of the inner mitochondrial membrane, and oxidizes lactate to pyruvate. In addition, terminal electron transport chain element cytochrome oxidase (COX)
is responsible for the endergonic lactate oxidation. Mitochondrial pyruvate carrier (mPC) is distributed in the inner mitochondrial membrane, which is responsible for
the mitochondrial transmembrane transport of pyruvate.

Krebs cycle related-enzymes, and mitochondrial respiratory
chain (De Bari et al., 2004; Hashimoto et al., 2006, 2008; Atlante
et al., 2007; Sonveaux et al., 2008; Passarella et al., 2014).
Mitochondrial MCT1 is located in the inner membrane and
is responsible for mitochondrial transmembrane transport of
lactate, and CD147 is an indispensable chaperone protein of
MCT1 (Park et al., 2015; Chen et al., 2016). Mitochondrial LDH
was initially discovered in the sperm, but is now revealed to also
exist in the liver, kidney and heart (Kline et al., 1986; Brandt et al.,
1987; Tempia et al., 1988). Lactate oxidative capacity is strongly
associated with the expression of mitochondrial LDH (Tempia
et al., 1988), and is also associated with COX (Hashimoto
et al., 2006). Finally, lactate is transformed to the end product
(CO2) by PDH, Krebs cycle related-enzymes, and mitochondrial
respiratory chain catalysis. Future research in order to better
define the mLOC is eagerly anticipated.

Another issue regarding intracellular lactate metabolism is
why cells generate and consume lactate at the same time. For
example, cardiomyocytes release glycolytically derived lactate
and take up extracellular lactate simultaneously (Goodwin
et al., 1998; Bartelds et al., 1999; Emhoff et al., 2013a).
Although some studies indicated that glycolytically derived
pyruvate is preferentially shifted to lactate rather than to
acetyl-CoA, pyruvate derived from exogenous lactate tends
to form acetyl-CoA (Barnard et al., 1971; Chatham et al.,
1999). To account for these observations, one plausible
explanation is that pathways of glycolytic lactate production
and oxidation of exogenous lactate are functionally separate in
the cardiomyocyte, i.e., compartmentation of intracellular lactate
metabolism (Barnard et al., 1971; Mowbray and Ottaway, 1973;
Sinniah, 1978; Lewandowski, 1992). LDH reversibly catalyzed the
conversion of pyruvate to lactate or lactate to pyruvate. Given
that the equilibrium constant for LDH is far in the direction

of lactate and the change in free energy is large, glycolytically
derived pyruvate can easily shift to lactate, rather than enter
the TCA cycle (Barnard et al., 1971; Rabinowitz and Enerback,
2020). In addition, myocardial mitochondrial abundance is
greatest at the subsarcolemmal surface (Palmer et al., 1977).
Therefore, when exogenous lactate enters cardiomyocytes, it is
expected to be readily transported into the mitochondria and
enters the TCA cycle. This explanation reconciles in vivo and
in vitro observations relating to myocardial lactate generation
and consumption (Wisneski et al., 1985; Gertz et al., 1988;
Mazer et al., 1990; Goodwin et al., 1998; Bartelds et al.,
1999), and is in keeping with the lactate shuttle theory
(Brooks et al., 1999; Brooks, 2000). It is recently proposed a
hypothesis that characteristics of intracellular lactate metabolism
enables the uncoupling of mitochondrial energy generation from
glycolysis, and confers cells with increased metabolic flexibility
(Rabinowitz and Enerback, 2020). Future studies of intracellular
lactate metabolism are needed to investigate the regulation of
lactate uptake and efflux and assess the exact value of the
compartmentation of lactate metabolism.

LACTATE METABOLISM IN
MYOCARDIAL DISEASES

In order to be compatible with complicated and volatile
physiological and pathological states, the heart has evolved into
an “omnivore” to consume different energy substrates in varying
proportions. In myocardial diseases, there are universal disorders
in energy substrate utilization and metabolic flexibility. While
ATP production in the myocardium is often impaired in different
pathological states, there is less consensus as to what actual
switches in energy substrate preference occur. Traditionally,
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lactate has been regarded as an undesirable metabolite and has,
accordingly, been used to as a biomarker of myocardial injury.
However, later studies suggests that lactate is of greater relevance
than other metabolic substrates, to the maintenance of metabolic
flexibility in the metabolically unhealthy heart (Hutter et al., 1984;
Lopaschuk et al., 2010; Garcia-Alvarez et al., 2014), raising a
fundamental question: is lactate in heart disease a savior or a
devil? This section will discuss lactate oxidation in the context of
acute myocardial ischemia, heart failure and diabetes.

Acute Myocardial Ischemia
Acute myocardial ischemia is a common feature of acute critical
cardiac events including acute coronary syndrome, cardiogenic
shock, and cardiac arrest. There is usually a clear etiology and
the course of disease is often brief. Sudden heart attacks lead
to drastic changes of cardiac metabolic environment within a
short period of time. Myocardium death is mainly caused by
deprivation of oxygen and energy substrates in acute myocardial
ischemia (Ong et al., 2010). While fatty acids remain the
main energy substrate in the ischemic myocardium (Stanley,
2001), respiration and oxidative phosphorylation functions of
mitochondria are markedly impaired during ischemia. There
is evidence that the number of mitochondria is augmented
in acute myocardial ischemia (Ide et al., 2001), which might
represent a compensatory response for acute ischemia and
hypoxia. It has been proved that the most striking metabolic
switch event in the ischemic myocardium relates to increased
glycolysis (Trueblood et al., 2000; Askenasy, 2001; Russell et al.,
2004; Carvajal et al., 2007). However, the raw materials for
glycolysis in acute myocardial ischemia are in association with
the extent of ischemia. During low-flow conditions, glucose
uptake and lactate release may be maintained in ischemic
myocardium, and increased glycolysis depends on higher influx
of glucose and increased activity of glycolytic enzymes (King
and Opie, 1998a,b; Horman et al., 2012; Herzig and Shaw,
2018). When blood flow is completely interrupted, glucose is
replaced by glycogenolysis (Smeele et al., 2011; Wu et al.,
2011). Despite profound differences in the sources of glycolytic
substrates, activating or prolonging glycolysis has been shown
to be beneficial for myocardial salvage in both conditions
(Vanoverschelde et al., 1994; Lochner et al., 1996; Fiolet and
Baartscheer, 2000; Trueblood et al., 2000; Askenasy, 2001; Russell
et al., 2004; Carvajal et al., 2007; Kim et al., 2011; Smeele et al.,
2011; Wu et al., 2011; Timmermans et al., 2014; Vanoverschelde
et al., 1994; Lochner et al., 1996; King and Opie, 1998a,b; Fiolet
and Baartscheer, 2000; Trueblood et al., 2000; Askenasy, 2001;
Russell et al., 2004; Carvajal et al., 2007; Kim et al., 2011; Smeele
et al., 2011; Wu et al., 2011; Horman et al., 2012; Timmermans
et al., 2014; Herzig and Shaw, 2018).

The accumulation of lactate in the ischemic myocardium
provides an important source of energy; both uptake and
use of lactate by the myocardium increase significantly in
the acute ischemic heart (Hutter et al., 1984; Lopaschuk
et al., 2010). In animal shock models, lactate deprivation
is related to increased mortality, while exogenous
lactate infusion is associated with myocardial salvage
(Barbee et al., 2000; Revelly et al., 2005; Levy et al., 2007).

Several observational studies have demonstrated that
hyperlactatemia is associated with a poor prognosis in patients
with acute coronary syndrome (Lazzeri et al., 2010; Vermeulen
et al., 2010; Kossaify et al., 2013). In patients who received
percutaneous coronary intervention, plasma lactate measured
after percutaneous coronary intervention is a reliable predictor
for mortality (Lazzeri et al., 2009; Valente et al., 2012). In
cardiogenic shock, the prognostic value of lactate has been
controversial. Some studies identified increased lactate as an
independently prognostic factor (Weil and Afifi, 1970; Chiolero
et al., 2000; Koreny et al., 2002; Attana et al., 2013b), however,
others did not (Geppert et al., 2006). Moreover, elevated lactate
levels are positively associated with mortality in cardiac arrest
(Donnino et al., 2007; Nolan et al., 2008; Cocchi et al., 2011;
Andersen et al., 2013). Accordingly, a large body of research is
in support of lactate as a prognostic factor in acute myocardial
ischemia. It is regrettable that there is yet no consensus about
the cut-off values for lactate that would be associated with
worse outcome. In some recent observational studies, serial
measurements of lactate have been shown to be more efficient
than a single measurement for outcome prediction in acute
myocardial ischemia (Attana et al., 2013a).

Based upon the evidence to date, it appears that lactate
has the potential to act both as an “energy substrate” and a
“prognostic factor.” Numerous studies have shown benefits in
preserving the function of ischemic myocardium by modifying
cardiac energy substrates and increasing ATP production (Dyck
et al., 2004, 2006; Ussher and Lopaschuk, 2008; Lionetti et al.,
2011). Both promoting the utilization of glucose and reducing the
β-oxidation of fatty acids have been proposed as anti-ischemic
strategies (Stanley et al., 2005; Dyck et al., 2006). However, there
is a lack of clinical evidence to support treatment with lactate
supplementation or deprivation in patients with acute cardiac
events. It should also be noted that observational studies do not
allow to conclude on the causal relationship between lactate and
clinical outcomes.

Heart Failure
Heart failure is a complex disease which represents the end-
stage outcome for many cardiac and systemic diseases (Savarese
and Lund, 2017). Despite the heterogeneity of etiology (Jessup
and Brozena, 2003), heart failure is associated with a marked
reduction in the production of energy (Hearse, 1979; Neubauer
et al., 1997; Neubauer, 2007). Impaired mitochondrial structure
and oxidative function have been reported in the failing heart
(Casademont and Miro, 2002; Neubauer, 2007; Aubert et al.,
2013; Fukushima et al., 2015). Along with these changes,
alterations of energy substrates were also detected (Krahe
et al., 1993; Collins-Nakai et al., 1994; Lopaschuk et al., 2010).
For example, decreasing ratio of fatty acids oxidation was
observed in pressure overload-induced rat failing heart as well as
mouse gene-knockout failing heart models (Allard et al., 1994;
Casademont and Miro, 2002; Neubauer, 2007; Bugger et al.,
2010), and ketone body was reported to be an alternative fuel
in advanced human heart failure (Aubert et al., 2016; Bedi,
Snyder et al., 2016). Although the myocardial glucose uptake
is augmented, glucose oxidation and its contribution to ATP
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production is markedly decreased (Paolisso et al., 1994; Moravec
et al., 1996; Funada et al., 2009; Mori et al., 2013; Zhabyeyev et al.,
2013; Zhang et al., 2013). Where does the glucose go? In both
humans and animals, there is increased flux of glycolysis (Allard
et al., 1994; Degens et al., 2006; Akki et al., 2008; Symons and
Abel, 2013) and plasma concentrations of lactate during heart
failure (Diakos et al., 2016; Fillmore et al., 2018). It is therefore
apparent that mitochondrial oxidation shifts to glycolysis as a
major metabolic reprogramming event in the failing heart.

Increased glycolysis is linked to augmented production of
endogenous lactate. In addition, the intracellular lactate shuttle
process is inhibited by impaired activity of mLOC, manifested
by the progressive impairment of PDH (Funada et al., 2009;
Zhabyeyev et al., 2013; Zhang et al., 2013; Dodd et al., 2014;
Diakos et al., 2016; Fillmore et al., 2018) and low expression of
MCT (Gupte et al., 2014). Taken together, these events would
give rise to the accumulation of intracellular lactate in the
myocardium. This however, does not allow to conclude whether
high level of intracellular lactate is good or bad! On the one hand,
it has been indicated that intracellular lactate overload is able to
trigger the influx of Na+ and Ca2+, which can induce a decrease
in the systolic function of myocardium (Fiolet and Baartscheer,
2000; Jaswal et al., 2011). On the other hand, both basic science
and clinical evidence have pointed toward an important role
of lactate as a key energy substrate in the failing heart (Schurr
et al., 1997; Chiolero et al., 2000; Luptak et al., 2005). A recent
study described heart metabolomics profiling of the uptake and
release of metabolites in patients with or without heart failure.
This study showed that the failing heart nearly doubled lactate
consumption compared to the normal heart (Murashige et al.,
2020). The mRNA expression of MCT4 (which mediates the
transmembrane transport of lactate) increased 2.5–3.5 times
higher of its original level during myocardial injury (Zhu et al.,
2013; Gabriel-Costa et al., 2015). Promoting the lactate transport
from cytoplasm to mitochondria improved energy deficiency
in heart failure (Wilson et al., 1998; McClelland and Brooks,
2002; Zhu et al., 2013). Furthermore, inhibition of MCT4 and
hence lactate export in a cell model of heart failure led to
further accumulation of intracellular lactate and increased lactate
transport for mitochondrial oxidization (Cluntun et al., 2021).

Hyperlactatemia and lactic acidosis reflect an unbalanced state
of lactate production and disposal. In long-term clinical practice,
lactate is regarded as a risk factor of heart failure. In patients
who suffer from heart failure and have elevated blood lactate,
many clinicians may empirically consider pharmacotherapeutic
interventions with agents that may modulate lactate metabolism,
and vasodilators or positive inotropic drugs. However, systemic
lactate deprivation is disadvantageous to myocardial energy
supply in pathological conditions (Levy et al., 2007). Given
that lactate concentrations in capillary, arterial, and venous
blood are insufficient to distinguish excess lactate production
from impaired lactate clearance, it would be imprudent to treat
abnormal blood lactate levels in patients with heart failure.

Lactate Metabolism in Diabetic State
Adaptations to long-term diabetic state induce changes in
cardiac energy substrate preference. Rising circulating fatty acids

(Reaven et al., 1988; Young et al., 2002; Atkinson et al., 2003),
high myocardial uptake of fatty acids (Avogaro et al., 1990;
Sampson et al., 2003; Bonen et al., 2004; Peterson et al., 2008),
and increased myocardial fatty acid β-oxidation (Belke et al.,
2000; Aasum et al., 2003; Carley and Severson, 2005; How et al.,
2007; Bugger and Abel, 2014; Riehle and Abel, 2016; Kenny and
Abel, 2019) are important metabolic characteristics in diabetes.
In addition, there are studies reporting hyperketonemia and
high myocardial ketone body utilization in poorly controlled
diabetes (Lommi et al., 1996, 1997; Kodde et al., 2007). The
so-called “ketone body metabolic pathway” doesn’t really exist
in the cell, because ketone bodies can cross the mitochondrial
membrane and the cell membrane directly through the MCTs
and enter the TCA cycle (Halestrap, 2013; Felmlee et al., 2020).
The flow of ketone bodies into the TCA cycle is expected
to inhibit mitochondrial oxidation of glucose and lactate in
cardiomyocytes. Compared to studies on fatty acid and ketone
body metabolism in heart, very few studies have assessed
myocardial glucose and lactate utilization in the diabetic state. It
is generally accepted that acceleration of fatty acid β-oxidation
and insulin resistance are related to the reduction of glucose
oxidation (Randle et al., 1963; Randle, 1995, 1998; Peterson et al.,
2004). With regard to myocardial lactate metabolism, several
studies observed the rate of lactate efflux was greater than lactate
uptake under diabetic condition (Chatham et al., 2001). Given
that MCT expression in cardiomyocytes is not influenced by
diabetes in rat models (Chatham et al., 1999), decreased lactate
uptake might be related to the increased cytosolic NADH/NAD+

ratio in the diabetic state (Puckett and Reddy, 1979; Ramasamy
et al., 1997; Trueblood and Ramasamy, 1998; Chatham et al.,
1999). Taken together, myocardial glucose and lactate metabolism
are impaired on diabetic state. Impaired insulin signaling was
reported to impel the deterioration of cardiac function (Abel
et al., 1999; Peterson et al., 2004; Zhang et al., 2013; Byrne
et al., 2016). Patients with diabetes exhibited an increased risk
of heart failure, and cardiac hypertrophy is the main pathologic
change of the myocardial remodeling. As discussed, substrate
switch of heart failure generally appeared as a decreased fatty
acid oxidation and an increased uptake of glucose and lactate
(Neubauer, 2007; Casademont and Miro; 2002, Allard et al.,
1994; Krishnan et al., 2009; Bugger et al., 2010). By contrast,
diabetic heart failure exhibits different substrate switch—an
increase in fatty acid metabolism and a decrease in glucose and
lactate metabolism (Bugger and Abel, 2014; Riehle and Abel,
2016; Kenny and Abel, 2019). It is also intriguing that these
divergent cardiac energy substrate preferences result in similar
myocardial remodeling.

Metformin is the most widely used oral agent for the
management of type 2 diabetes. In the landmark UKPDS
study, the use of metformin was reported to reduce the
risk of myocardial infarction by 39% (No Authors listed.,
1998). Metformin is associated with a modest increase plasma
lactate levels, but the risk of lactate acidosis is rare (Abbasi
et al., 2000; Liu et al., 2009; Shen et al., 2012; Koren et al.,
2017). Metformin does not appear to affect myocardial lactate
utilization, but has been shown to reduce the intracellular lactate
shuttle and increase lactate accumulation (Madiraju et al., 2014;
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Duca et al., 2015; Lu et al., 2017). Given that metformin is
associated with increased lactate production, and tissue hypoxia
is always present during heart failure. Metformin has previously
been believed to increase the risk of lactic acidosis in heart failure
patients. However, in recent years, metformin has been exhibited
to be safe and effective in patients with heart failure in several
large retrospective studies (Misbin et al., 1998; Aguilar et al.,
2011). Based on these studies, metformin has been recommended
for patients with diabetes mellitus and chronic heart failure
(Eurich et al., 2005, 2013). Taken together, the effects of
metformin on lactate metabolism do not outweigh its the benefits
in diabetic cardiomyopathy. But we have to pay more attention
to metformin-associated lactic acidosis (MALA), a symptom that
may occur in the clinic. The exact mechanism of MALA is still
unknown, but it would be necessary to elevated blood metformin
concentration and secondary obstacles of lactate production
and clearance (Lucis, 1983; Owen et al., 2000; Almirall et al.,
2008; Frid et al., 2010; Bridges et al., 2014). As these secondary
events may be unpredictable and heterogeneous, current clinical
application of metformin may be too conservative. Given that
fatal consequence of MALA, metformin must be used with
caution, particularly in patients with circulatory dysfunction
(Buse et al., 2016).

CONCLUSION

In the pursuit of an understanding of myocardial metabolism,
lactate was once considered as a metabolic waste, and the
metamorphosis from “ugly duckling” to “white swan” was full of
frustration and ordeals. Up to time now, it is apparent that lactate

has multiple identities in myocardial metabolism, including
energy substrate, metabolite, signal molecule, and prognostic
factor. Cardiac lactate metabolism is a dynamic process that
can rapidly shift to adapt to alterations in cardiac energy
requirements or changing environment. Lactate is also very
important as an energy substrate in acute myocardial ischemia,
heart failure, and diabetic state, and abnormal myocardial lactate
metabolism is closely related to diseases. Characterization of the
lactate metabolic profile of myocardium in physiological and
pathological conditions may help direct future pharmacological
therapies to harmonize the metabolic flexibility of the heart.
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Nonalcoholic fatty liver disease (NAFLD) is often accompanied by systemic metabolic
disorders such as hyperglycemia, insulin resistance, and obesity. The relationship
between NAFLD and systemic metabolic disorders has been well reviewed before,
however, the metabolic changes that occur in hepatocyte itself have not been
discussed. In NAFLD, many metabolic pathways have undergone significant changes
in hepatocyte, such as enhanced glycolysis, gluconeogenesis, lactate production,
tricarboxylic acid (TCA) cycle, and decreased ketone body production, mitochondrial
respiration, and adenosine triphosphate (ATP) synthesis, which play a role in
compensating or exacerbating disease progression, and there is close and complex
interaction existed between these metabolic pathways. Among them, some metabolic
pathways can be the potential therapeutic targets for NAFLD. A detailed summary of
the metabolic characteristics of hepatocytes in the context of NAFLD helps us better
understand the pathogenesis and outcomes of the disease.

Keywords: WARBURG effect, NAFLD, Mitochondrial dysfunction, Insulin resistance, Metabolism

INTRODUCTION

The liver is the hub of the metabolism of glucose, fat, protein, vitamin, hormone, etc.,
and play a major part in metabolic homeostasis. All kinds of metabolic processes such as
glycolysis, gluconeogenesis, lipogenesis, glycogen production can be conducted in liver. Therefore,
nonalcoholic fatty liver disease (NAFLD) is often accompanied by systemic metabolic disorders
(Byrne and Targher, 2015; Tilg et al., 2017; Khan et al., 2019). In view of the importance and
complexity of liver metabolism, it is meaningful to study the metabolic characteristics of the liver
under healthy as well as pathological conditions.

Nonalcoholic fatty liver disease, a continuum of liver abnormalities including nonalcoholic
fatty liver (NAFL) and nonalcoholic steatohepatitis (NASH), and can progress to liver cirrhosis
and hepatocellular carcinoma (Friedman et al., 2018). NAFL, also named hepatic steatosis, is
the benign stage of NAFLD which is characterized by excessive lipid stored within the cytosol
of hepatocytes. Patients in the state of NAFL take a lower risk of deleterious outcomes, while
NASH can progress to cirrhosis, liver failure and even hepatic carcinoma (Singh et al., 2015).
The presence of NASH means the existence of liver inflammation and injury, accompanied with
elevated aminotransferases. Biopsy is the main method of diagnosis which is characterized by
various degrees of fat accumulation, hepatocellular ballooning, lobular inflammation and fibrosis
(Brunt et al., 2020).

Frontiers in Physiology | www.frontiersin.org 1 August 2021 | Volume 12 | Article 71042030

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/journals/physiology#editorial-board
https://www.frontiersin.org/journals/physiology#editorial-board
https://doi.org/10.3389/fphys.2021.710420
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fphys.2021.710420
http://crossmark.crossref.org/dialog/?doi=10.3389/fphys.2021.710420&domain=pdf&date_stamp=2021-08-30
https://www.frontiersin.org/articles/10.3389/fphys.2021.710420/full
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-12-710420 August 24, 2021 Time: 17:26 # 2

Lu et al. Hepatic Metabolic Changes in NAFLD

Nowadays NAFLD accounts for the major part of liver
disease worldwide. With the decreased incidence of hepatitis
and increased obesity (Fan et al., 2017; Wu et al., 2020),
the primary cause of end-stage liver disease will be replaced
by NAFLD in the next few decades (Younossi et al., 2018).
Currently, the worldwide prevalence of NAFLD is nearly 24%
(2015) (Younossi et al., 2016). Therefore there is an increasing
interest in studying NAFLD. To understand the pathogenesis
of NAFLD, a useful conceptual framework is that the excess
energy metabolic substrates, fatty acids (FAs), and carbohydrates,
exceed the liver’s processing capacity, resulting in the exacerbated
formation of reactive oxygen species (ROS), by-products and
lipid peroxidation, which will induce hepatocellular injury,
inflammation and death (Friedman et al., 2018). In this review,
we will discuss the hepatic metabolism changes and their
effect in NAFLD.

CARBOHYDRATE METABOLISM

Glycolysis
Glycolysis refers to the process that one molecule of glucose
is metabolized through a ten-step process in the cytoplasm to
finally generate two molecules of pyruvate, providing with two
molecules of NADH and two adenosine triphosphate (ATP).
The glycolysis rate is mainly controlled by several rate-limiting
enzymes, hexokinase (HK), phosphofructokinase (PFKM), and
pyruvate kinase (PK), which are controlled by allosteric and
hormonal regulation. In liver, the major isoform of hexokinase
is hexokinase IV, glucokinase, which is primarily regulated by
insulin but not inhibited by its product. Therefore, it is of great
importance in the modulation of postprandial blood glucose.
Insulin is the main hormone that regulates blood glucose.
It bound to the insulin receptor (INSR) of target cells on
the plasma membrane, then act through IRS(insulin receptor
substrate)/PI3K(phosphoinositide 3-kinase)/AKT(protein kinase
B) axis to regulate glucose metabolism (Haeusler et al.,
2018; Petersen and Shulman, 2018). Phosphatase and tensin
homolog (PTEN) catalyzed the reverse reaction of P13K and
antagonize insulin function, but its activity is inhibited by insulin
(Hodakoski et al., 2014).

Changes in glycolysis are found in many diseases. The
WARBURG effect, known widely in tumor cells, is characterized
by enhanced aerobic glycolysis and lactate production (Vander
Heiden et al., 2009; Koppenol et al., 2011). It used to be
misread that the damaged respiration is accounted for increased
glucose fermentation in cancers. Actually, the tumor cells exhibit
the WARBURG effect and meanwhile retain normal or even
enhanced mitochondrial respiration (Koppenol et al., 2011; Lu
et al., 2015). Recently, the similar metabolic change has also been
found in many benign diseases, such as pulmonary hypertension,
idiopathic pulmonary fibrosis (IPF), tuberculosis, failing heart
(Chen et al., 2018), liver cirrhosis (Trivedi et al., 2021), etc.,
which indicate that WARBURG effect may not be unique to
malignant tumor.

In the hepatocytes of fatty liver, similar metabolic changes also
exist. Compared with regular chow (RC)-fed mice, the mRNA

levels of key glycolysis related enzymes (HK2, PFKm, and PKm)
were increased in the liver of high-fat diet (HFD)-fed mice (Liu
et al., 2018). In the PTEN-null mice, HK2, PKM2, and other
glycolytic enzymes are overexpressed via P13K/AKT2/PPARγ

axis, which partially account for the susceptibility to fatty liver
and hepatocellular carcinoma of PTEN-null mice (Horie et al.,
2004). Moreover adenoviral-mediated overexpression of HK2
and PKM2 promotes liver growth and liver steatosis (Panasyuk
et al., 2012), which may bridge the enhanced glycolysis with
carcinogenesis in fatty liver. Using PET/CT to monitor the
phosphorylation rate of liver glucose, which represents the
activity of hexokinase, proved that the rate of phosphorylation of
liver hexose is higher in patients with steatohepatitis (Keramida
et al., 2016). Seahorse analysis also showed that the rate of
extracellular acidification in HFD-fed mice increased suggesting
enhanced glycolysis (Liu et al., 2018). Since NAFLD always
accomplished by insulin resistance, hyperinsulinemia may be one
of the reasons for enhanced glycolysis.

Recent studies have found that knocking down NOD-like
receptor (NLR)X1 NLRX1 can inhibit glycolysis and enhance fat
oxidation to reduce liver steatosis (Kors et al., 2018). Liver specific
knockdown of SIRT6 will lead to the deacetylation of histone
H3 lysine 9 (H3K9) in the promoter of glycolytic genes and
elevated the expression of these genes, which consequently cause
fatty liver dependent on enhancing glycolysis (Kim et al., 2010).
Knockdown of Geranylgeranyl diphosphate synthase (GGPPS)
can induce strengthened glycolysis through the LKB1–AMPK
pathway, and lead to an increase in the inflammatory factors
secreted in mouse primary hepatocytes. Furthermore, using 2-
dexoy-D-glucose to inhibit glycolysis dramatically alleviates liver
inflammation, injury and fibrosis due to the deletion of GGPPS in
HFD mice (Liu et al., 2018). However, the pathway that glycolysis
contributes to liver injury is unclear and deserves further study.

The product of glycolysis, pyruvate, will be dehydrogenated
by lactate dehydrogenase to lactate or decarboxylated to
acetyl-coenzyme A by pyruvate dehydrogenase complex
(PDC) in mitochondria which thereby connects the glycolysis
with the tricarboxylic acid (TCA) cycle (Zhou et al., 2001).
The activity of the complex is regulated by pyruvate
dehydrogenase phosphatase (PDP) and pyruvate dehydrogenase
kinase (PDK1-4) through reversible dephosphorylation and
phosphorylation. Phosphorylation is the inactive state of PDC
(Bowker-Kinley et al., 1998).

The activity of PDC in hepatocytes of fatty liver is still
controversial. Bajotto et al. (2006) and Go et al. (2016) found
that the activity of pyruvate dehydrogenase complex in the
liver of OLETF mice and HFD C57BL/6J mice was significantly
lower than that of control group, which will consequently
reduce the TCA cycle flux of pyruvate. Moreover, the activity,
abundance and mRNA level of PDK2 and PDK4 are consistently
increased, and positively related to plasma free fatty acid
(FFA) concentrations (Bajotto et al., 2006; Go et al., 2016).
Consistently, in the NAFLD patients and obese mice, the
serum pyruvate concentration and liver pyruvate content are
significantly higher than those of the control group (Fletcher
et al., 2019; Wang et al., 2020; Shannon et al., 2021), though
there is no evidence that it is caused by inactivity of PDC.
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A current study by Shannon et al. (2021) revealed a contradictory
result that in obese mice, the activity of PDC is enhanced
accompanied by the reduced activity of PDK4 and enhanced
activity of PDP2. The insulin sensitizer Metformin can normalize
the activity of PDC and mitigated the flow of TCA derived
from pyruvate (Shannon et al., 2021). However, given that the
acetyl-CoA produced by pyruvate only accounts for 5% of the
liver TCA cycle (Cappel et al., 2019), the effect of pyruvate
oxidative decarboxylation by PDC may not directly participate
the pathological process of fatty liver.

Lactate Production
The alternative metabolic pathway of pyruvate is lactate
production. Under physiological conditions, lactate is mainly
used by the heart, skeletal muscle and brain as an energy source
(Gladden, 2004). The hepatocyte can convert excessive plasma
lactate into glucose then bring back to plasma (Brooks, 2018).
Lactate dehydrogenase(LDH) is composed of two subunits, H
and M, with five isoenzymes: LDH1, LDH2, LHD3, LDH4, and
LDH5 (Adeva-Andany et al., 2014). LDH-M, also known as
LDHA, is more inclined to convert pyruvate into lactate; while
LDH-H, also known as LDHB, is more inclined to convert lactate
to pyruvate to dispose lactate (Dawson et al., 1964).

The production of lactate in fatty liver is significantly higher
than normal (Liu et al., 2018; Wang et al., 2020), which is another
feature of WARBURG effect (de la Cruz-López et al., 2019).
P300/CBP-associated factor (PCAF)-mediated high acetylation
level of LDH-B is one of the main causes in the accumulation of
lactate in NAFLD. The activity of acetylated LDH-B is reduced,
which hinders the ability of hepatocyte to dispose of lactate
and results in the lactate accumulation (Wang et al., 2020). The
increased lactate can not only worsen the hepatic steatosis, but
also increase the acetylation of histone H3K9 by reducing the
activity of nuclear histone deacetylase (HDAC), and therefore
increase the expression of genes involved in lipogenesis and FA
uptake (Wang et al., 2020).

Liver Gluconeogenesis
Gluconeogenesis refers to the conversion of non-glucose
compounds (glycerol, glycogen-producing amino acids,
lactic acid, etc.) into glucose (Hers and Hue, 1983). Hepatic
gluconeogenesis occurs during prolonged fasting episodes
after depletion of hepatic glycogen, and is primarily in
response to the insulin and glucagon. After an overnight
fasting, about the half of the total hepatic glucose production
is attributed to gluconeogenesis (Rothman et al., 1991). In
order to achieve gluconeogenesis, the key is to bypass the
three irreversible reactions in glycolysis that the conversion of
glucose to glucose-6-phosphate by HK, fructose-6-phosphate
to fructose-1,6-diphosphate by PFK and phosphoenolpyruvate
to pyruvate via PK (Petersen et al., 2017). Conversion of
pyruvate to phosphoenolpyruvate is the first reverse reaction
in gluconeogenesis catalyzed by pyruvate carboxylase (PC)
and phosphoenolpyruvate carboxykinase (PEPCK). The
production of pyruvate carboxylation catalyzed by PC,
oxaloacetate, is the intermediates of TCA cycle, and such
flux is also named anaplerosis. Then oxaloacetate is converted to

phosphoenolpyruvate, which is called cataplerosis (Owen et al.,
2002). Thus, a close link exists between gluconeogenesis and TCA
cycle. The enzymes that catalyze the other two reverse reactions
are fructose diphosphatase-1 and glucose-6-phosphatase.

In the individuals with high intrahepatic triglycerides (IHTG),
the endogenous glucose is higher than that in normal people,
among which derived from gluconeogenesis is increased by 25%,
consistent with the flow of anaplerosis increased by 50% (Sunny
et al., 2011). The same trend also appears on mice supplied
with excessive lipid, either by HFD or by exogenously perfused.
Moreover, the increasement of anaplerosis/cataplerosis is linked
to enhanced oxidative metabolism and subsequently oxidative
stress and inflammation (Satapati et al., 2016). Inhibition of
anaplerotic/cataplerotic flux can attenuates gluconeogenesis and
TCA cycle and consequently alleviates oxidative stress and
hepatic steatosis (Go et al., 2016; Satapati et al., 2016; Yuan
et al., 2016). The presumable mechanism could be that, first,
the raise of allosteric activation of PK, acetyl-COA, due to
enhanced FA oxidation may partially contribute to the enhanced
gluconeogenesis. Second, as mentioned before, the increased
content of pyruvate in the liver increases the substrate for
gluconeogenesis. Third the increased TCA cycle flux that
we will discuss later facilitates gluconeogenesis from TCA
cycle cataplerosis.

LIPID METABOLISM

De novo Lipogenesis
Hepatic de novo lipogenesis (DNL) includes FAs synthesized
from acetyl-CoA and then esterified with 3-phosphoglycerol to
generate triglycerides (TG). Acetyl-CoA carboxylase (ACC) is
the rate-limiting enzyme of FA synthesis, which carboxylate
the acetyl-CoA to produce malonyl-CoA. Acetyl-CoA and citric
acid are main allosteric activators of ACC. The expression
and activity of the enzymes involved in DNL also modulated
by various transcription factors like sterol regulatory element-
binding protein 1C (SREBP1C) and carbohydrate-responsive
element-binding protein (ChREBP; Shimomura et al., 1999;
Dentin et al., 2005; Wang et al., 2015). Under physiological
conditions, the TG synthesized in liver will not be stored in it,
and will be exported in the form of very low density lipoproteins
(VLDL; Kawano and Cohen, 2013).

The major feature of NAFLD is the lipid accumulation in
hepatocytes. Under fasting conditions, the proportion of TG
stored in liver of NAFLD patients are 26.1 ± 6.7% from DNL,
59.0 ± 9.9% from plasma free FAs and 14.9 ± 7.0% from dietary
FAs, which is similar to the composition of VLDL-TG (Donnelly
et al., 2005), and secretion rate of VLDL-TG is linearly related to
the content of IHTG when IHTG content was ≤10% but reached
a plateau in subjects with high IHTG (Fabbrini et al., 2008).
Since NAFLD is often accompanied by insulin resistance (Watt
et al., 2019), the lipolysis of peripheral adipose tissue increased,
leading to an elevated in plasma FFA (Fabbrini et al., 2008;
Samuel and Shulman, 2016). However, when compared to the
individuals with low IHTG, no significant difference has been
found in VLDL-TG derived from adipose tissue or diet in patients
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with high IHTG. Only the VLDL-TG derived from DNL was
significantly increased to the three times of low IHTG group.
The percentage of newly-synthesized palmitate in VLDL-TG was
two times higher in high IHTG group, indicating that it was the
increased DNL that contributed to the accumulation of liver fat
(Lambert et al., 2014). Fabbrini et al. (2008) also proved that the
increase in VLDL-TG secretion was primarily attributed to the
FAs derived from DNL and lipolysis of abdominal and hepatic
lipid, other than lipolysis of subcutaneous fat.

Moreover, the expression of lipogenic regulatory factors and
enzymes, such as SREBP1c, fatty acid synthase (FAS), liver X
receptor α (LXRα), ChREBP, and ACC1, is higher in fatty liver
(Kohjima et al., 2007; Higuchi et al., 2008). LXRs are classified
as the nuclear hormone receptor superfamily, which can be
activated by oxysterols due to elevated intracellular cholesterol
concentration. LXR is widely involved in the regulation of
many metabolic processes including cholesterol, glucose and lipid
metabolism (Hiebl et al., 2018). LXRα can promote lipogenic
gene transcription by activating SREBP1c (Repa et al., 2000).
The expression level of LXR in NAFLD patients was four times
that of the control group, and it was significantly related with
the expression of SREBP-1c (Higuchi et al., 2008). Moreover
The expression of SREBP1c can also be induced by tumor
necrosis factor-alpha (TNF-α) (Endo et al., 2007) and the mRNA
level of TNF-α is related to the severity of NASH (Crespo
et al., 2001). ChREBP is also found to overexpress in hepatic
steatosis patient and indicate the severity of hepatic steatosis
but is negatively correlated with insulin resistance in NASH
patients. Overexpression of ChREBP induce the hepatic steatosis
but increase the insulin sensitivity (Benhamed et al., 2012). In
addition, due to the systemic insulin resistance, the high levels
of insulin will contribute to DNL (Mansouri et al., 2018).

Fatty Acid Oxidation
Fatty acids oxidation (FAO) is conducted in mitochondria,
endoplasmic reticulum (ER) and peroxisomes which can produce
abundant acetyl-CoA. The first step is activation of FAs to
fatty acyl-CoA by acyl-CoA synthase in the outer mitochondrial
membrane or ER. Mitochondria are the main site of FAs
β-oxidation. The long-chain FAs rely on the assistance of
carnitine palmitoyltransferase-1 (CPT1) to shuttled across the
membrane while medium - and short-chain FAs do not. CPT1
is the key enzyme for β-oxidation, and malonyl-CoA, the
intermediates of DNL, is a potent allosteric inhibitor of CPT
(Bonnefont et al., 2004). Some transcription factors such as
peroxisome proliferator-activated receptor α (PPARα) and its
coactivator peroxisome proliferator-activated receptor gamma
coactivator 1 α (PGC1α), can enhance the expression of CPT1
and other genes related to FAO (Bougarne et al., 2018). In the
context of diabetes or FA overload, a part of FAs will be disposed
through ω-oxidation in the endoplasmic reticulum which
deteriorate ROS production and lipid peroxidation (Reddy, 2001;
Wanders et al., 2011).

Theoretically increased DNL should inhibit the FA oxidation
for the intermediate malonyl-CoA. However, in the patient with
NASH or obesity, mitochondrial β-oxidation is still enhanced
to coordinate with the excess FFA load, which has been proved

by 13C-octanoate breath test and positron emission tomography
and is correlated with systemic insulin resistance (Miele et al.,
2003; Iozzo et al., 2010). In 12-week and 32-week HFD mice,
the respiratory exchange ratio (ERE) value of the mice decreased
and the oxygen consumption rate increased, suggesting increased
FAO (Liu et al., 2018; Pittala et al., 2019). As the upregulation
of fatty acid translocase (CD36/FAT), the uptake of FFA from
plasma to hepatocytes also increased (Bechmann et al., 2010).
CD36/FAT is one of the FA transport proteins which facilitates
the uptake and utilization of FFAs in hepatocytes (Silverstein and
Febbraio, 2009). Its expression is associated with serum FFAs
and apoptosis mediators (Bechmann et al., 2010). The increased
FFAs in hepatocytes could enhance the FAO consequently
(Mansouri et al., 2018).

In fatty liver mouse model and NAFLD patients, the
expression of genes involved in hepatic mitochondrial beta-
oxidation such as PPARα, PGC1α and CPT1a is elevated as
expected (Kohjima et al., 2007; Liu et al., 2018; Pittala et al., 2019).
However, some research has shown that compared high-trans-
fat high-fructose diet (TFD)-8 weeks-induced simple steatosis
mice with NASH mice by 24 weeks, the expression of genes
related beta-oxidation was decreased in liver with onset of NASH
(Patterson et al., 2016). That may indicate that the ability of FAO
may alter in different stages of NAFLD progression.

In addition, ω-oxidation conducted in the ER and β-oxidation
in peroxisomes are upregulated in NASH as compensation
(Robertson et al., 2001; Kohjima et al., 2007). However, it may
lead to an increasement of ROS (Wanders et al., 2011; Del Río
and López-Huertas, 2016). In addition, the increasement of the
by-products of fat metabolism such as Cer and DAGs indicated
that fat metabolism is insufficient during NSAH (Patterson
et al., 2016), and these by-products will hinder insulin signaling
pathway and result in insulin resistance (Samuel et al., 2010).

Ketogenesis
There are three major flux for acetyl-CoA pool produced from
FAO and glycolysis that ketogenesis, TCA cycle and DNL
in liver. Ketone bodies are mainly synthesized by hepatocyte
using acetyl-CoA derived from FAO. However, they cannot
be used in liver for lack of enzymes that can utilize ketone
bodies, and have to be exported to extrahepatic tissues for
terminal oxidation (Puchalska and Crawford, 2017). This
physiological process provides an alternative energy source
which is enhanced when glucose is unavailable (Robinson and
Williamson, 1980). Primary regulators of ketogenesis include
the rate of mitochondrial β-oxidation, CPT1 activity, TCA cycle
flux and its intermediate concentrations, and the hormones
such as glucagon and insulin. When content of acetyl-CoA was
elevated due to increased β-oxidation or impaired glycolysis
reduced the oxaloacetate derived from anaplerosis, ketogenesis
will strengthen as consequence.

Under physiological conditions, in terms of the ratio of TCA
cycle and ketogenesis, 86 ± 2% of acetyl-CoA is used for ketone
body production, while in patients with NAFLD, only 77 ± 2% of
acetyl-CoA with P = 0.003 enters ketogenesis after a 24-h fast, and
the serum β-hydroxybutyric acid concentration was 30% lower
than that of the control group (Fletcher et al., 2019), even though
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there was no significant difference in the production of ketone
bodies after overnight fasting (Sunny et al., 2011). In addition,
the serum β-hydroxybutyric acid concentration was negatively
correlated with the fat content in the liver (Fletcher et al.,
2019). Compared with HFD-fed mice, ketogenic insufficiency
aggravates the hepatic inflammation and injury in HDF-fed
3-hydroxymethylglutaryl CoA synthase (HMGCS2) antisense
oligonucleotide (ASO)-treated mice. In addition, ketogenic
insufficiency will increase DNL since more the acetyl-CoA will
be catalyzed by citrate synthase to citrate (Cotter et al., 2014).

MITOCHONDRIAL METABOLISM

TCA Cycle
Another metabolic pathway of acetyl-CoA is TCA cycle. The
TCA cycle is a series of closed loop reactions. One molecule of
acetyl-CoA that go through TCA cycle will produce 3 molecules
of NADH, 1 molecule of FADH2, 2 molecules of C02 and 1
molecule of guanosine triphosphate GTP but the carbon does not
directly drive from acetyl-CoA. Then NADH and FADH2 will
be further oxidized by mitochondrial respiratory chain (MRC)
and provide abundant ATP. The TCA cycle serves as the center
of cell catabolism because no matter FA, protein or glucose,
the terminal decomposition products are all acetyl-CoA. The
regulation of TCA cycle mainly depends on allosteric regulation
of the substrates, ATP, NADH, etc., but hardly by hormones
(Martínez-Reyes and Chandel, 2020).

Under the fasting condition for 12 and 24 h, the acetyl-CoA
flow into the TCA cycle in the liver of NAFLD patients was
2 and 1.4 times of normal people, respectively. which is also
positively correlated with the liver triglyceride content, the rate
of gluconeogenesis, and the blood glucose concentration (Sunny
et al., 2011; Fletcher et al., 2019), although there is mitochondrial
damage in term of morphology (Sanyal et al., 2001). Combined
with attenuated ketogenesis we discussed before, we can draw the
conclusion that the excess acetyl-CoA in hepatocytes of NAFLD
patients was prone to be catabolized through the TCA cycle
rather than ketogenesis, which reduced the fat consumption.
Given that activity of TCA cycle is seldom controlled by
hormones, and expression of related enzymes is constitutive.
Therefore, the increased fat oxidation should be the main
reason for TCA enhancement. The enhanced gluconeogenesis
accompanied by enrichment of oxaloacetate that is able to
activate pyruvate carboxylase may also contribute to overactive
TCA cycle. Moreover the mitochondrial TCA cycle flux parallels
to the ROS production and consequently cause oxidative stress
(Satapati et al., 2012), thereby participate in the progression
from liver steatosis to steatohepatitis (Browning and Horton,
2004). By inhibiting anaplerotic/cataplerotic flow, mitochondrial
TCA flow and oxidative metabolism was reduced, and thereby
mitigating inflammation and oxidative stress (Satapati et al.,
2016). The enhancement of the TCA cycle increases the
intermediates, citrate. It not only allosterically activates acetyl-
CoA carboxylase, but also provides acetyl-CoA for DNL through
the citrate pyruvate cycle.

Mitochondrial Respiratory Chain
Embedded in the inner mitochondrial membrane, four kinds
of protein complexes that complex I, II, III, IV make up
the MRC which can transfer proton and electrons from
NADH and FADH2. Then the oxygen molecules eventually
accept electrons and hydrogen ions to produce water. During
the delivery of electrons, protons are transported from the
mitochondrial matrix at CI, CIII, and CIV and create proton-
motive force (PMF).Then PMF is used to drive ATP generation
by CV, coupling the MRC with ATP synthesis (Rich and
Maréchal, 2010). As a consequence of normal mitochondrial
respiratory, mitochondria generate ROS in a physiological
range. Most of the electrons delivered to the MRC are
correctly accepted by oxygen and then form water with
protons catalyzed by cytochrome c oxidase (CIV). However,
a small part of the electrons directly combined with oxygen
to form superoxide anion radical (O2

−) and other ROS,
which usually happens in complex I and complex III (Willems
et al., 2015; Mansouri et al., 2018). ROS in physiological
level can activate various signaling pathways involved in cell
proliferation, inflammation and etc. However, excessive ROS will
attack intracellular macromolecular compound such as proteins,
nucleic acids, lipids and lead to cell death or induce apoptosis
(Zorov et al., 2014).

The efficiency of MRC also alters in NAFLD. In patients
with obesity or simple fatty liver, hepatic mitochondrial
respiration increased compared with healthy people. However,
in patients with steatohepatitis, 31–40% of patients have
lower hepatic mitochondrial respiratory levels than obese
patients. It indicates that in the early stage of fatty liver, the
respiration rate of mitochondria increases as compensation.
When it progresses to the stage of steatohepatitis, the
respiration of mitochondria begins to decrease, and this
adaptive change disappears (Koliaki et al., 2015), and the
activity of various complexes in the MRC of NASH patients
is decreased consistently (Pérez-Carreras et al., 2003). As
attenuated mitochondrial respiration is inadequate to the
increased TCA cycle, which means the excess electrons
cannot be captured by oxygen appropriately, NASH is
always accompanied with more ROS production, DNA
damage, inflammation and liver injury (Serviddio et al.,
2008; Koliaki et al., 2015).

Moreover, in NASH patients and ob/ob mice, the expression
of the uncoupling protein-2 (UCP-2) elevated, which aggravated
the mitochondrial uncoupling and proton leakage of liver
mitochondria, and reduced the efficiency of liver ATP synthesis
(Chavin et al., 1999; Serviddio et al., 2008), All this leads
to impaired ATP synthesis which has been validated in
obesity and NAFLD patients. by nuclear magnetic resonance
spectroscopy (Nair et al., 2003). Interestingly, uncoupling
of liver mitochondria seems to play a protective role in
the progress of fatty liver working by accelerating energy
expenditure. Using adenine nucleotide translocase (ANT)
inhibitor, carboxyatractyloside, can alleviate fatty liver
and insulin resistance in mice by enhancing uncoupling
(Cho et al., 2017).
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THERAPEUTIC STRATEGIES TARGETED
ON HEPATOCYTE METABOLISM

The treatment for NAFLD targeted on hepatocyte metabolism
has demonstrated positive efficacy in some clinical trials. PPARα

is one of the PPAR isotypes that mainly expressed in the
liver, which can regulate liver FA uptake and the expression
of FAO-related enzymes. Fibrates, PPARAα agonist, is mainly
used to treat hyperlipidemia (Dubois et al., 2017). However,
no obvious effect has been achieved in several clinical trials
for the treatment of NAFLD. Nevertheless, several dual PPAR
agonists have shown promising efficacy in recent clinical trials
on the treatment of NAFLD. Saroglitazar, a dual PPAR α/γ
agonist, has achieved a promising effect in the treatment of
NAFLD in a phase 2 study(NCT03061721) (Gawrieh et al.,
2021). Elafibranor, a dual PPARα/δ agonist, demonstrated the
improvement of liver function tests and NASH resolution
without worsening of fibrosis in a phase II study based on a
post-hoc analysis(NCT01694849) (Ratziu et al., 2016). However,
a phase III trial about it was terminated for not meeting the
predefined primary surrogate efficacy endpoint (NCT02704403).
FGF21 (fibroblast growth factor 21) is one of the target genes
of PPARα, which mainly plays a role in the liver, such as

enhancing FAO and reducing FA production (Kharitonenkov
et al., 2005). Accordingly, Pegbelfermin, a FGF21 analogue,
significantly reduced the hepatic fat fraction in patients with
NASH determined by MRI-PDFF (magnetic resonance imaging-
proton density fat fraction) in a phase 2a trial (NCT02413372)
(Sanyal et al., 2019).

ACC is a key enzyme for lipogenesis. Therefore, it is
reasonable to speculate that ACC inhibitors are able to reduce
fatty liver. In a Phase 2 trial, GS-0976 (firsocostat), an ACC
inhibitor, can significantly reduce DNL and ameliorate hepatic
steatosis and markers of liver injury (NCT02856555) (Lawitz
et al., 2018; Loomba et al., 2018). When combined with
cilofexor (Farnesoid X Receptor agonist), firsocostat displayed
greater improvement in hepatic steatosis and fibrosis of
patients with advanced fibrosis caused by NASH defined by
histology and clinically relevant biomarkers (NCT03449446)
(Loomba et al., 2021).

Lifestyle intervention and weight loss are also effective
methods to treat NAFLD. Among them, the ketogenic diet that
increases the hepatic ketone production is popular in weight
loss and is also helpful for NAFLD (Thoma et al., 2012; Saeed
et al., 2019). In a clinical trial, 10 overweight/obese participants,
who were restricted in carbohydrate intake while the intake of

FIGURE 1 | Glycolysis is enhanced, resulting in the increased content of pyruvate in plasma and liver. Then pyruvate is converted to oxaloacetate through
anaplerosis or to lactate, both of which are enhanced in NAFLD. Increased lactate will elevate the expression of lipogenic enzymes dependent on decreased activity
of nuclear HDAC. Gluconeogenesis is increased and contribute to TCA cycle. Lipolysis is increased, leading to elevated plasma FFAs. accumulation of TAGs is
mainly caused by increased DNL. The oxidation of fatty acids is also enhanced, not only in the mitochondria, but also in the endoplasmic reticulum and peroxisomes.
The oxidation that occurs in the latter can lead to more production of ROS that causes inflammation and liver damage. Increased glycolysis and fatty acid oxidation
will elevate acetyl-CoA and enhance the TCA cycle whereas ketogenesis is reduced. The activity of MRC is reduced, resulting in more ROS generation. The
expression of UCP2 increased in fatty liver, which impaired efficiency of ATP synthesis and decreased ATP content. GLUT, glucose transporter; FFAs, plasma free
fatty acids; CD36, cluster of designation 36; ROS, reactive oxygen species; ER, endoplasmic reticulum; VLDL, very low density lipoproteins; IHTG, intrahepatic
triglycerides; DNL, de novo lipogenesis; LDH, lactate dehydrogenase; HDAC, histone deacetylase; TCA, tricarboxylic acid; MRC, mitochondrial respiratory chain;
ATP, adenosine triphosphate; UCP, uncoupling protein.
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fat and protein remained unchanged, demonstrated decreased
IHTG content and improved insulin sensitivity, despite increased
circulating FFA (Luukkonen et al., 2020).

There is no FDA-approved drug for NAFLD treatment
so far. Therefore, it is of great interest to explore novel
targets for NAFLD treatment. In animal models, changes in
glycolysis, lactate production, and mitochondrial uncoupling can
affect the progression of NAFLD, which can be the potential
pharmacological targets for NAFLD.

CONCLUSION

Although the metabolism of liver is generally regulated by
insulin and glucagon, NALFD is often accompanied by systemic
insulin resistance and the insulin resistance is selective (Brown
and Goldstein, 2008), which makes the actual metabolic state
hard to predict. In this review we found that the changes in
DNL, glycolysis, and ketogenesis is in accord with insulin effect,
whereas gluconeogenesis and FAO is less inhibited by insulin.

Therefore, it is meaningful to study the specific changes
in metabolism and their role in the pathogenesis of NAFLD.
In this review, we mainly discussed changes in lipid and
glucose metabolism. Glycolysis is significantly enhanced in the
hepatocytes of fatty liver, resulting in the increased content of
pyruvate in plasma and liver. Enhanced glycolysis can cause liver
inflammation, but the specific pathway is still unclear. PDC is
the main enzyme that controls the flux of pyruvate into the
TCA cycle. The alteration of its activity in fatty liver is still
controversial. Pyruvate can also be converted to oxaloacetate
through anaplerosis that provides intermediates for TCA, or to
lactate, both of which are enhanced in NAFLD. Increased lactate
will elevate the expression of lipogenic enzymes dependent on
acetylation of H3K9, and aggravate NAFLD.

Excessive accumulation of fat in hepatocyte is the fundamental
feature of NAFLD, accompanied by an increase in VLDL

secretion, which is mainly derived from strengthened DNL.
Meanwhile, the FAs oxidation is also enhanced in the
mitochondria as well as the peroxisomes and ER. The oxidation
that occurs in the latter can lead to more production of ROS that
causes inflammation and liver damage.

Increased glycolysis and FAO will elevate acetyl-CoA and
enhance the TCA cycle, which will increase liver mitochondrial
burden. However, the production of ketone bodies is reduced,
indicating that the acetyl-CoA is more inclined to enter the
flux of TCA cycle. Nevertheless, the activity of MRC is reduced,
which cannot match the enhanced TCA cycle, resulting in
more ROS generation. Moreover, the expression of UCP2
also increased in fatty liver, which impaired efficiency of
ATP synthesis. The global metabolic changes are shown in
Figure 1.
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Obesity is a chronic disease that affects over 795 million people worldwide. Bariatric
surgery is an effective therapy to combat the epidemic of clinically severe obesity,
but it is only performed in a very small proportion of patients because of the limited
surgical indications, the irreversibility of the procedure, and the potential postoperative
complications. As an alternative to bariatric surgery, numerous medical devices have
been developed for the treatment of morbid obesity and obesity-related disorders. Most
devices target restriction of the stomach, but the mechanism of action is likely more
than just mechanical restriction. The objective of this review is to integrate the underlying
mechanisms of gastric restrictive bariatric devices in obesity and comorbidities. We call
attention to the need for future studies on potential mechanisms to shed light on how
current gastric volume-restriction bariatric devices function and how future devices and
treatments can be further improved to combat the epidemic of obesity.

Keywords: obesity, weight loss, medical device, restrictive procedure, review

INTRODUCTION

Obesity is a consequence of caloric imbalance and excessive fat accumulation. The World Health
Organization (WHO) defined obesity as body mass index (BMI) over 30, while 25–30 is considered
overweight. Obesity is a major public health problem in the developed world, which significantly
increases the risk of multiple diseases and disorders such as type 2 diabetes mellitus, hypertension,
heart disease, and cancer. The prevalence of obesity has greatly increased in the past decades. It was
estimated that in 2016, the number of children/adolescents and adults that suffered from obesity
worldwide were 124 and 671 million, respectively (Bentham et al., 2017). In addition, 213 million
children/adolescents and 1.3 billion adults were in the range of overweight (Bentham et al., 2017).
In the US, the prevalence of obesity in adults and children ages 6–11 old has reached over 35%
(Flegal et al., 2012) and 17% (Ogden et al., 2016).

In various countries and regions, bariatric surgery has been listed in obesity management
guidelines as the most effective way to treat morbid obesity and the related disorders (Jensen et al.,
2014; Yumuk et al., 2015; Wharton et al., 2020). The most popular procedures (American Society
for Metabolic and Bariatric Surgery, 2021) gastric bypass and sleeve gastrectomy are, however, not
readily accepted by many patients because both include removal of some part of the stomach, and
this gastrectomy may induce severe complications. Only 1–2% of the eligible candidates undergo
bariatric surgery for obesity each year in the US (Gasoyan et al., 2019). Furthermore, based on
Western guidelines, patients whose BMI is lower than 35 (or 40 without adiposity-related disease)
are beyond the indications of bariatric surgery and thus lack effective treatments.

As less invasive alternatives, many gastric restrictive bariatric devices such as gastric band,
intragastric balloons, and so on, have been used for combating obesity and some achieve
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comparable efficacy to surgeries (Vargas et al., 2018). Although
most of the devices are intended to restrict the stomach to
decrease calorie intake, the mechanisms of action for the
considerable weight loss following gastric volume-restricted
bariatric devices are not fully appreciated. This review aims to
integrate the potential mechanisms through which restrictive
bariatric devices induce weight loss and metabolic improvements.
To the best of our knowledge, this is the first review on this topic.

Gastric Band
In the adjustable gastric banding (AGB) procedure, an adjustable
silicone band is placed around the stomach below the gastro
esophageal junction to restrict the dilation of the gastric pouch
as shown in Figure 1A. AGB is the most well-known gastric
restrictive device: first implanted in 1983 (Kuzmak, 1991), it
gained popularity in early twenty-first century (Favretti et al.,
2009; Ibrahim et al., 2017). A meta-analysis (Garb et al., 2009)
found that the excess weight loss (weight loss/pre-operative
excess body weight × 100%) post-AGB was 42.6% at 1 year,
50.3% at 2 years, and 55.2% at over 3 years. Another meta-
analysis (Golzarand et al., 2017) showed that AGB induced nearly
48% excess weight loss at either 5 or 10 years postoperatively.
According to data from 20 years follow-up in patients with
obesity, AGB was associated with significantly lower incidence
of diabetes, cardiovascular diseases, cancer, and renal diseases
(Pontiroli et al., 2018). The cost for AGB is significantly lower
than that for Roux-en-Y gastric bypass or sleeve gastrectomy
(SG) (Doble et al., 2019). Some studies, however, reported
that AGB failed to maintain reduced body weight or control
obesity-related morbidities (Pournaras et al., 2010; Chang
et al., 2014; Park et al., 2019). Worse still, additional studies
showed that patients who underwent AGB may need a second
surgery due to band migration or erosion, pouch dilatation,
achalasia or megaesophagus, stomach obstruction, or other
severe complications (Arias et al., 2009; Chang et al., 2014;
Kodner and Hartman, 2014; Tsai et al., 2019). The reported
reoperation rate was up to 82.7% in 15-year follow-up (Tsai et al.,
2019). As a result, the popularity of AGB has been dramatically
decreased in the past decade. In recent years, several improved
AGB devices and systems (Billy et al., 2014; Edelman et al.,
2014; Ponce et al., 2014) have been developed, but the long-term
effects remain unclear. In 2019, AGB only accounted for 0.9% of
bariatric procedures in the US (American Society for Metabolic
and Bariatric Surgery, 2021).

There have been numerous studies focused on the potential
mechanism of AGB in weight control and metabolic amelioration
induced by the placement of the band. AGB is considered to
improve eating behavior such as alleviating binge eating disorders
and decreasing emotional eating and night eating in the short
term (Opozda et al., 2016; Hindle et al., 2020), whereas long-
term results are inconsistent (Opozda et al., 2016; Smith et al.,
2019). Monteiro et al. (2007) compared AGB rats and pair-fed
rats, observing that AGB rats were leaner. This study suggests
that additional factors beyond restriction exist. It seems that
gastric motility, neural activity, ghrelin level, concentrations
of gut hormones, energy expenditure, bile acids metabolism,
and gut microbial diversity play important roles; however, the

conclusions varied significantly (Wang et al., 2019). For example,
Aron-Wisnewsky et al. (2019) observed that gut microbial gene
abundance increased after AGB whereas Lee et al. (2019) reported
an opposite result. Another example is that ghrelin levels were
found to be unchanged (Sysko et al., 2013), increased (Kawasaki
et al., 2015), or decreased (Leonetti et al., 2003) following
AGB. We assume that the variations are not only partly due
to the differences in techniques of the procedures and baseline
conditions of the subjects, but also because the underlying factors
are complex (i.e., multiple mediators work together and interact
with each other).

In addition to AGB in which the stomach is restricted
horizontally, vertical banded gastroplasty (VBG) used banding
above the crow’s foot of Latarjet’s nerve along with vertical
staple line toward the angle of His to restrict the stomach.
In the early 1980s, Mason (1982) reported that VBG caused
more weight loss and less complications when compared with
other surgical procedures. Kellum et al. (1990) reported that
at 6 months after VBG, excess weight loss in patients with
morbid obesity was 41.8%. Brolin et al. (1994) found that patients
underwent VBG preferred to eat high-caloric food, resulting
in postoperative weight regain. Olbers et al. (2006) obtained
similar results, showing that VBG patients consumed more
sweet foods and less vegetables and fruits. One study (Amsalem
et al., 2014) revealed that VGB (specifically the silastic ring
vertical gastroplasty) as well as AGB significantly lower the
risk of pregnancy complications such as gestational diabetes
mellitus and hypertension. This suggests that some metabolic
factors exist in these restrictive procedures, which requires
further research. In Kellum et al. (1990)’s study, glucose, insulin,
enteroglucagon, serotonin, vasoactive intestinal polypeptide, and
cholecystokinin (CCK) responses to meals were not changed after
VBG. Tremaroli et al. (2015) suggested that VBG has long-term
positive effects on gut microbiota and bile acids. The resting
energy expenditure was reported to be decreased after VBG,
but it seemed a reflection of weight loss instead of the reason
(Olbers et al., 2006). Similar to AGB, however, long-term studies
(Balsiger et al., 2000; van Wezenbeek et al., 2015; Froylich et al.,
2020) revealed that the weight reduction after VBG was not
sustained and complications such as pouch dilatation, staple-line
disruptions, and outlet stenosis were frequent. Therefore, VBG
lost popularity and is no longer practiced.

Gastric Sleeve Implant and Gastric Clip
Since so-called restrictive procedures are technically simple, there
have been several devices designed to treat obesity by reducing
gastric volume, apart from traditional gastric banding devices,
in either laboratory or clinical settings. Our group developed
a restrictive device (referred to as Gastric Sleeve Implant,
GSI), which is designed to be laparoscopically implantable and
removable (Guo et al., 2011, 2014) as shown in Figure 1B. When
placed loosely on the outside (serosa) of the stomach, the device
generates a sleeve-shaped pouch similar to sleeve gastrectomy
(SG) but avoids the irreversibility of the SG because it does not
require stapling or gastrectomy. When the stomach is empty,
GSI does not compress the stomach, which reduces the risk of
device migration or tissue necrosis. GSI also has two C-rings to
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FIGURE 1 | Schematic of gastric restrictive bariatric devices. (A) Adjustable gastric banding (AGB). Used with permission of the Radiological Society of North
America (RSNA R©) (Sonavane et al., 2012). The band is planted around the stomach below gastroesophageal (GE) junction. (B) Gastric sleeve implant (GSI).
Reprinted by permission from Springer Nature, Obesity Surgery, Efficacy of a Laparoscopic Gastric Restrictive Device in an Obese Canine Model, Guo et al. (2014)
COPYRIGHT 2013. The device is mounted on the lesser curvature and creates a vertical sleeve food track. (C) Intragastric balloons (IGB). Used with permission of
Mayo Foundation for Medical Education and Research, all rights reserved
(https://www.mayoclinic.org/medical-professionals/endocrinology/news/intragastric-balloon-a-re-emerging-approach-for-obesity/mac-20430245). The inflated
balloon occupies some intragastric space.

prevent the distension of the sleeve (Guo et al., 2011, 2014). The
GSI is safe, effective and has been proven removable in animals
(Guo et al., 2011, 2014). In a canine model, the excess weight
loss reached 75% at 12 weeks after procedure but returned to
22% at 6 months after the removal of the device (Guo et al.,
2014). To explore the underlying mechanism, our canine and
rat studies (Guo et al., 2012) showed an elevated level of ghrelin
and a reduced concentration of leptin after the implantation of
GSI, which returned to normal levels after GSI removal. We
assume that GSI induces an adaptive or compensatory increase in
ghrelin secretion at early stages after surgery due to the integrity
of stomach, which would counteract additional weight loss and
cause the corresponding body weight recovery after its removal
(Guo et al., 2012). The lower leptin level induced by GSI is highly
correlated with weight loss. It is probably secondary to weight
loss as serum leptin concentration reflects the total amount of fat
mass in the body (Guo et al., 2012). The Glucagon-like peptide-1
(GLP-1) concentration was found to be unchanged.

Subsequently, a device with similar principle, the vertical
gastric clip (Jacobs et al., 2017; Noel et al., 2018) or BariClip

(Noel et al., 2020), was used in patients. Parallel to the lesser
curvature, the device separates a medial lumen from an excluded
lateral gastric pouch (Jacobs et al., 2017). The reduction of BMI
and % excess weight loss were 12.7 and 66.7, respectively, at
2 years after the operation (Jacobs et al., 2017). In addition, the
quality of life was improved in more than 90% of patients (Noel
et al., 2018). A simpler device named Gastric Clip (Chao et al.,
2019) was also used in clinics. The gastric clip creates a transverse
gastric partition when obliquely applied to the upper fundus
(Chao et al., 2019). One year after surgery, BMI was significantly
reduced from 44 to 37 kg/m2, and the total weight loss (weight
loss/pre-operative body weight× 100%) was 23.5%. Diabetes and
hyperlipidemia were effectively alleviated as well (Chao et al.,
2019), and the effects were much better when combined with
a proximal jejunal bypass. The possible mechanisms underlying
clip-induced weight change require further studies. The long-
term benefits of these devices are currently lacking, however, and
some patients were reported to suffer from gastric obstruction or
insufficient weight loss after such procedures and thus underwent
clip removal or revisional surgery (de la Plaza Llamas et al., 2020;
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TABLE 1 | Parameter changes after gastric volume-restriction bariatric devices.

Adjustable gastric
banding (AGB)

Vertical banded
gastroplasty

(VBG)

Gastric sleeve
implant (GSI)

Intragastric balloons
(IGB)

Endoscopic
sleeve

gastroplasty
(ESG)

Articulating
circular

endoscopic
(ACE)

Gastric emptying ↔ ↓ ↓ ↓

Energy expenditure ↑ ↔ ↓ ↓ ↓

Ghrelin level ↑ ↔ ↓ ↑ ↑ ↔ ↓ ↔ ↓ ↓

Glucagon-like
peptide 1 level

↔ ↓ ↔ ↔

Peptide YY level ↑ ↔ ↔ ↔

Cholecystokinin
level

↔ ↓

Leptin level ↓ ↓ ↔ ↓

Adiponectin level ↔ ↔ ↑

Bile acids ↑ ↓ ↑

Gut microbiota Gene richness ↑ ↓;
Proteobacteria ↑

E. Coli ↑;
Eubacterium

rectale ↓;
Roseburia

intestinalis ↓

Eating habit Binge eating↔ ↓;
emotional eating↔ ↓;

night eating ↓;
grazing ↑

High-caloric food ↑;
sweet food ↑;

vegetable↓; fruit ↓

Grazing ↓;
emotional eating ↓;

sweet food ↓;
after-dinner grazing ↓

↑, increased;↔, unchanged; ↓, decreased. More than one arrow indicates inconsistent data; blank means unknown data.

Chang et al., 2021). Furthermore, gastric clip has been used to
assist with SG, but a gastrectomy was still performed to achieve
metabolic improvements in mice (Schlager et al., 2011; Wei et al.,
2020). This implies that a simple gastric clip may not be a reliable
bariatric device as a stand-alone. More follow-up data is needed.

Intragastric Balloons
Intragastric balloons (IGB) have been used to occupy the
gastric space by endoscopic placement as shown in Figure 1C.
The FDA has approved three IGBs (Vyas et al., 2017; Vargas
et al., 2018), i.e., Orbera, Obalon, and ReShape Duo [no
longer available (FDA, 2020)] to combat obesity with BMI
30–40 kg/m2. In addition, there have been some other IGBs
(such as Elipse, Medsil, Spatz3, and so on) (Bužga et al.,
2014; Ramai et al., 2020; Badurdeen et al., 2021) awaiting for
validation or approval. As a result, reducing gastric capacity
via endoscopically implanted IGBs has emerged as a viable
option to alleviate morbid obesity. A retrospective study of
5,874 patients (Fittipaldi-Fernandez et al., 2020) showed that
the incidence of gastric perforation and digestive bleeding were
only 0.07 and 0.05% in the first half year after IGB implant.
According to the American Society for Metabolic and Bariatric
Surgery (2021), in 2015, balloons were used only in 0.3% cases
of bariatric procedures in the US, while in 2019 the number
increased to 1.8%.

Generally, the balloons are placed endoscopically into
stomach for no more than 6 months (in some techniques the
time is longer), after which they are removed. A meta-analysis
including 5,668 subjects (Popov et al., 2017) reported that
patients had 28% excess weight loss and 4.8 kg/m2 BMI decrease

at 6 months after IGBs removal, although some weight regain
was observed at balloon removal. Some investigators showed that
after 6-month implantation, the total weight loss of the IGBs
is 6.8–13.2% (Vargas et al., 2018); at 12 months, i.e., 6 months
following balloon removal, the weight loss is still satisfactory,
albeit modest at 7.6–11.3% total weight loss (Vargas et al., 2018).
This indicates that the weight reduction outcome after IGBs is
not dependent on gastric restriction. Genco et al. (2013) reported
that IGB placement improves eating habits, reducing frequent
food consuming, preference of sweet foods, emotional eating,
and after-dinner grazing in patients with obesity. Some IGBs
are reported to alter gastric motility and hormone levels in
addition to reducing gastric volume. Mion et al. (2005) found
that balloon placement leads to suppression of gastric emptying
and ghrelin production, but the subsequent weight reduction is
not associated with gastric emptying. Another study (Mathus-
Vliegen and de Groot, 2013) reported a decrease of CCK after
IGBs, which may correlate with delayed gastric emptying. In
these studies, the variations of ghrelin and CCK are likely to be
the results of weight loss rather than the causes. Fuller’s group
(Fuller et al., 2013) performed a randomized controlled trial
for IGB evaluation. In their study, ghrelin was increased and
leptin was decreased when the device was implanted, but both
concentrations recovered to baseline after the removal of the
balloon. In addition, fasting levels of adiponectin or Peptide YY
(PYY) were not affected by weight loss associated with the IGBs
treatment. Similarly, Bužga et al. (2014) observed that serum
ghrelin was increased while leptin and fibroblast growth factor
21 levels were decreased at 6 months after balloon insertion in
patients with BMI of 43 kg/m2, but longer-term results were
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not assessed. Another study (Mathus-Vliegen and Eichenberger,
2014) also indicated that fasting and postprandial ghrelin levels
remained stable at 13 and 26 weeks after IGBs, despite sustained
weight loss. A study (Badurdeen et al., 2021) showed that 9-
month administration of Liraglutide (GLP-1 agonist) after IGB
removal was effective in preventing weight regain and reducing
fat mass. It indicates that GLP-1 concentration is potentially
an important factor of IGB-induced weight loss, which needs
further verification.

Aside from the potential changes in gastrointestinal motility
and hormones, IGB therapy reduces fat mass and resting
metabolic rate (Gaździńska et al., 2020), which are associated
with weight decrease. IGBs are also reported to improve
obesity related disorders such as hypertension (Popov et al.,
2017), hyperglycemia (Popov et al., 2017), dyslipidemia
(Ramai et al., 2020), and non-alcoholic fatty liver disease
(Chandan et al., 2021). More studies are needed to reveal
deeper mechanisms.

Endoscopic Gastroplasty and
Gastroplication
Endoscopic Sleeve Gastroplasty (ESG) is also an emerging
endoluminal method to manage obesity. First used in patients
a decade ago, it has been improved in recent years (Kumar
et al., 2018). Using endoscopic suturing devices, ESG procedure
places a series of sutures from the antrum to the fundus,
creating a banana-shape stomach pouch like SG does. Similar
devices to mimic SG or gastroplasty include Apollo OverStitch,
EndoCinch, Incisionless Operating Platform, amongst others
(Kumar, 2015).

In comparison of laparoscopic SG and AGB, although SG
achieved the greatest weight reduction, ESG is thought to be
the safest and most viable choice with lower morbidity and
shorter stay in hospital (Novikov et al., 2018). Jain et al.
(2017) summarized nine single center prospective human studies
treating obesity by ESG technique. In these studies, no intra-
procedure complication was reported, while 2.3% of the patients
experienced major but not fatal postoperative complications such
as perigastric leakage. Although the detailed techniques were
different, the % excess weight loss was reported to be 30–57
(Jain et al., 2017). An international multicenter study (Barrichello
et al., 2019) showed that at 12-month after ESG, the total and
excess weight loss were 15.1 and 59.4%, and adipose tissue was
significantly lowered. Lopez-Nava and coworkers retrospectively
analyzed 248 patients, indicating that at 6 and 24 months after
ESG, the total weight loss was 15.2 and 18.6%, respectively
(Lopez-Nava et al., 2017). In another study with a smaller group
of patients, they found that at 1 year after ESG, BMI loss
was 7.3 kg/m2, while total and excess weight loss were 18.7
and 54.6% (Lopez-Nava et al., 2016). Alqahtani et al. (2019)
provided similar data, showing 13.7, 15, and 14.8% total weight
loss at 6, 12, 18 months, respectively. In this study, ESG also
resulted in satisfactory remissions of diabetes, hypertension, and
dyslipidemia (Alqahtani et al., 2019). Sharaiha et al. (2017)
studied 91 consecutive patients who underwent ESG. At 1 year
after procedure, the patients not only lost 14.4% body weight,

but also showed significantly improved levels of hemoglobin A1c,
systolic blood pressure, alanine aminotransferase, and serum
triglycerides (Sharaiha et al., 2017).

There have been some studies exploring the underlying
contributors of weight loss and metabolic improvements beyond
restriction following ESG. Lopez-Nava et al. (2020) found a
reduced levels of leptin and an improved insulin secretory pattern
in patients at 6 months after ESG, while ghrelin, GLP-1, PYY,
and adiponectin remained stable. These changes differed from
those following SG, which is likely because of the different post-
operatively anatomical structures between the two procedures.
The researchers concluded that hormonal variations play little
role in weight loss and metabolic improvements (Lopez-Nava
et al., 2020). In contrast, Abu Dayyeh et al. (2017) revealed
that insulin sensitivity was improved after ESG, with decreased
(not significantly) ghrelin levels and unchanged leptin, GLP-
1, and PYY. Moreover, they reported that ESG delays gastric
emptying, thus producing early satiation and decreasing caloric
consumption to reach maximum fullness in patients, but the
sample size was to be increased (Abu Dayyeh et al., 2017).
This finding is in support of the above-mentioned Lopez-Nava
et al.’s conclusion, although the gut hormone changes in the two
papers were not comparable. The variation may mainly be due
to different follow-up duration as well as baseline conditions
of the subjects.

The articulating circular endoscopic (ACE) stapler is a
transoral bariatric device for endoscopic gastroplication which
has identical principle to ESG. Paulus et al. (2020) reported that
in subjects whose BMI was 38.3 kg/m2 at baseline, BMI decreased
to 33.9 kg/m2 at 1 year postoperatively. After the procedure,
patients had a downregulated ghrelin gene expression as well
as its activating enzyme in the upper gastrointestinal tract and
increased level of plasma adiponectin (van der Wielen et al.,
2017). Trans-oral endoscopic restrictive implant system (De Jong
et al., 2010; Verlaan et al., 2016) is another similar device. At
6 months after using the device, total and excess weight loss were
15.1 and 30.1%, but the longer-term effects were not reported yet
and the biological mediators were to be explored.

Other Bariatric Technologies
It should be noted that there are other bariatric devices than we
could include in the rapidly developing field, and every technique
has both the pros and cons. Our current review mainly focuses
on mechanisms behind the gastric volume restricted devices.
Understanding the possible mechanisms beyond restriction will
help us better understand the pathophysiology of obesity and
provide the potential to develop more effective approaches to
combat the epidemic of obesity. Table 1 summarizes the factors
that may contribute to weight control with device implants.

CONCLUSION

Although many gastric volume-restriction bariatric devices have
been developed for laboratory or clinical use, the underlying
mechanism of the devices in alleviating morbid obesity and
comorbidities is still not fully understood. Despite the fact that
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the “restrictive” devices physically limit or reduce gastric
capacity, mechanical restriction may not have the key role
in achieving the beneficial outcomes. Gastric motility and
hormone responses may also contribute to the efficacy of
the procedures. Changes in hormone levels provide some
indication as to how these bariatric devices work; however,
they do not necessarily provide a mechanism for the weight
loss effects. Instead, these changes could be compensatory,
rather than mediators. Further studies are required to determine
whether these changes in hormone levels are in fact causal
to weight loss. Studies regarding other factors that contribute
to bariatric surgeries (Madsbad et al., 2014; Wang et al., 2019)

such as vagal and hypothalamic activity, role of bile acids,
and gut flora alterations are lacking. More studies are
encouraged to elucidate the detailed mechanisms of weight and
energy regulation and glucose metabolism after use of gastric
bariatric devices.
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Background: Insulin resistance (IR) is closely associated with the pathogenesis of
type 2 diabetes mellitus (T2DM). However, remission of insulin sensitivity after bariatric
surgery in patients with T2DM and a body mass index (BMI) of 27.5–32.5 kg/m2 has
not been fully elucidated.

Methods: Thirty-six T2DM patients with a BMI of 27.5–32.5 kg/m2 were prospectively
consecutively recruited for laparoscopic Roux-en-Y gastric bypass (LRYGB) or
laparoscopic sleeve gastrectomy (LSG). Hyperinsulinemic euglycemic clamp, oral
glucose tolerance test (OGTT), and other indicators were tested at baseline and
6 months postoperative. Glucose disposal rate (GDR), time to reach euglycemia,
homeostatic model assessment of IR, quantitative insulin sensitivity check index
(QUICKI), triglyceride glucose (TyG) index, 30-min insulinogenic index (IGI30), and
disposition index (DI) were calculated at baseline and 6 months after surgery.
The criterion for remission in T2DM patients was the achievement of the triple
composite endpoint.

Results: Anthropometric and glucolipid metabolism parameters significantly improved
following surgery. The GDR increased significantly from baseline to 6 months after
LRYGB (from 4.28 ± 1.70 mg/kg/min to 8.47 ± 1.89 mg/kg/min, p < 0.0001) and LSG
(from 3.18 ± 1.36 mg/kg/min to 7.09 ± 1.69 mg/kg/min, p < 0.001). The TyG index
decreased after surgery (RYGB group, from 9.93 ± 1.03 to 8.60 ± 0.43, p < 0.0001;
LSG group, from 10.04 ± 0.79 to 8.72 ± 0.65, p = 0.0002). There was a significant
reduction in the IGI30 (RYGB group, from 2.04 ± 2.12 to 0.83 ± 0.47, p = 0.005;
LSG group, from 2.12 ± 1.73 to 0.92 ± 0.66, p = 0.001). The mean DI significantly
increased from 1.14 ± 1.35 to 7.11 ± 4.93 in the RYGB group (p = 0.0001) and from
1.25 ± 1.78 to 5.60 ± 4.58 in the LSG group (p = 0.003). Compared with baseline,
HOMR-IR, QUICKI, area under the curve-C-peptide release test (AUC-CRT), and AUC-
OGTT were significantly changed at 6 months postoperative. Overall, 52.63% of patients
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in the LRYGB group versus 29.41% of patients in the LSG group achieved the triple
composite endpoint.

Conclusion: Both LRYGB and LSG effectively induced remission of IR in patients with
T2DM and a BMI of 27.5–32.5 kg/m2.

Keywords: type 2 diabetes mellitus, bariatric surgery, insulin resistance, hyperinsulinemic euglycemic clamp, oral
glucose tolerance test

INTRODUCTION

China had the largest number of adults with diabetes in 2019,
a population that is projected to increase to 147.2 million by
2045 (Saeedi et al., 2019). Laparoscopic Roux-en-Y gastric bypass
(LRYGB) and laparoscopic sleeve gastrectomy (LSG) are the
most commonly performed bariatric procedures and appropriate
treatments for patients with type 2 diabetes mellitus (T2DM),
especially for those with comorbidities (Zimmet et al., 2011).
Bariatric surgery is among the most effective treatments for
patients with T2DM and a body mass index (BMI) >35 kg/m2 or
30–35 kg/m2 with uncontrolled conditions (Zimmet et al., 2011).
According to the International Diabetes Federation statement,
the BMI threshold for Asian patients with T2DM should be
reduced by 2.5 kg/m2 (Dixon et al., 2011). Available evidence
indicates that surgery is one option, along with lifestyle and
medical interventions, for cure in Asian T2DM patients with a
BMI <35 kg/m2, and that the BMI cut-off point for surgery be
lowered for Asian patients with T2DM (Lee and Aung, 2016).

It is well known that insulin resistance (IR) is closely associated
with the pathogenesis of T2DM (DeFronzo, 2004). T2DM in the
Chinese population is characterized by a low BMI, abdominal
obesity, significant IR, and impairment of islet cell function in
the early stages of diabetes (Chan et al., 2009). IR is reportedly
significantly associated with incident diabetes compared with
β-cell dysfunction in the Chinese population, especially in
adults with obesity (Wang et al., 2020). Hence, it is critical to
accurately assess the IR of patients with T2DM and obesity. The
principal methods for evaluating IR in clinical practice are the
homeostatic model assessment of IR (HOMA-IR), quantitative
insulin sensitivity check index (QUICKI), oral glucose tolerance
test (OGTT) with modeling, and hyperinsulinemic euglycemic
clamp (Mingrone and Cummings, 2016). The HOMA-IR is the
most popular but least accurate and varies among populations
(Matthews et al., 1985). The QUICKI is a simple and accurate
method for assessing insulin sensitivity in humans (Katz et al.,
2000). The triglyceride glucose (TyG) index, as a reliable
surrogate marker, has also been used to evaluate IR (Zhang et al.,
2017). The clamp is considered the gold standard and is used to
evaluate other indicators (Rabasa-Lhoret and Laville, 2001).

Beneficial effects of bariatric surgery on glucose metabolism
are known, but the remission of insulin sensitivity after bariatric
surgery in T2DM patients with a BMI of 27.5–32.5 kg/m2 has not
been fully elucidated. This prospective cohort study aimed to use
the hyperinsulinemic euglycemic clamp and other indicators to
evaluate the effect of LRYGB and LSG on insulin sensitivity for
T2DM patients with a BMI in 27.5–32.5 kg/m2.

MATERIALS AND METHODS

Study Design and Subjects
Thirty-six T2DM patients with a BMI of 27.5–32.5 kg/m2 were
prospectively consecutively recruited from July 2019 to June 2020
in the Department of General Surgery, Third Xiangya Hospital,
Central South University (Changsha, China). Surgery was safely
performed by the same surgical group and the procedure was
performed as previously described (Yu et al., 2021). The protocol
was approved by the Ethical Committee of our hospital (R19025).
Informed consent was obtained from all patients before the study.

The inclusion criteria were as follows: (1) diagnosis of T2DM
conforming to the guideline of (Diagnosis and classification
of diabetes mellitus, American Diabetes Association, 2014);
(2) BMI of 27.5–32.5 kg/m2; (3) age 18–65 years; and (4)
T2DM duration <15 years. The exclusion criteria were: (1)
surgical contraindications to LSG and LRYGB; (2) severe T2DM
comorbidities or organic diseases, such as myocardial infarction,
renal failure, or stroke; (3) alcohol or medicine addiction; and (4)
uncontrolled psychiatric disease.

Study Protocol and Data Collection
Insulin sensitivity was evaluated at baseline and at 6 months
postoperative. Insulin sensitivity was measured using the
hyperinsulinemic euglycemic clamp, HOMA-IR, QUICKI,
and TyG index. The TyG index was calculated as ln [fasting
triglyceride (mg/dL) × fasting glucose (mg/dL)/2]. HOMA-
IR was calculated as fasting glucose (mmol/L) × fasting
insulin (µU/mL)/22.5. QUICKI was calculated as 1/[log
(fasting insulin) + log (fasting glucose)]. Insulin secretion
and β-cell function were measured using OGTT modeling.
T2DM remission was evaluated using the composite triple
endpoint at a 6-month follow-up. The criterion for achieving the
triple composite endpoint was a glycosylated hemoglobin A1c
(HbA1c) <7.0%, low-density lipoprotein <2.59 mmol/L, and
systolic blood pressure <130 mmHg (Ikramuddin et al., 2015).

Anthropometric and glucolipid metabolism parameters were
collected at baseline and 6 months postoperative.

Hyperinsulinemic Euglycemic Clamp
All patients underwent hyperinsulinemic euglycemic clamp
experiments at baseline and 6 months after surgery. Catheters
were inserted into the antecubital vein for infusion and in the
dorsal vein for blood sample collection. A heated box was used
on the blood-taking arm to obtain arterialized venous blood.
Insulin (Humulin R, Eli Lilly, United States) was administered
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intravenously at a rate of 40 mU/kg/min for 150 min. Blood
samples were drawn using an intravenous catheter in a heated
vein, and glucose concentrations were measured at 5-min
intervals. Dextrose 20% was infused at variable rates to maintain
a glucose level of 5.0 mmol/L. The time taken to reach
euglycemia was calculated from the beginning of the experiment
to euglycemia. Glucose disposal rate (GDR) was measured during
steady-state intervals (Zhao et al., 2017).

Oral Glucose Tolerance Test
All participants completed the OGTT at baseline and 6 months
postoperative. All patients fasted for at least 10 h and ingested
250 mL of water (including 75 g of glucose) in 5 min. Blood
samples were collected from the median cubital vein at 0, 30,
and 120 min. Based on the OGTT data, we calculated the 30-
min insulinogenic index (IGI30) as [C-peptide 30 min (ng/mL) –
C-peptide 0 min (ng/mL)]/[glucose 30 min (mmol/L) – glucose
0 min (mmol/L)]. Insulin secretion was assessed using IGI30 and
the area under the curve (AUC) for C-peptide release test (AUC-
CRT). Disposition index (DI), calculated by multiplying the GDR
by IGI30, was used to evaluate β-cell function (Lee et al., 2017;
Lemieux et al., 2019).

Statistical Analysis
The data analysis was performed using SPSS software
version 26 (SPSS Inc.). Continuous variables are expressed
as mean ± standard deviation. Categorical variables are
expressed as frequencies and percentages. The normality of the
continuous variables was evaluated using the Shapiro–Wilk test.
The normality distribution variables were compared using the
Wilcoxon signed rank or Student’s paired t-test for baseline and
postoperative data. Non-normally distributed variables were
compared using the non-parametric test. Categorical variables
were compared using the chi-square test. Statistical significance
was defined as p values < 0.05.

RESULTS

Subject Characteristics
A total of 36 patients (17 in the LSG group and 19 in the
LRYGB group) with T2DM and a BMI of 27.5–32.5 kg/m2

participated in this study. All participants completed the surgery
and follow-up. Accordingly, data from 17 participants (12 men,
five women) in the LSG group (mean age, 39.06 ± 13.66 years;
mean duration of T2DM, 5.71 ± 4.21 years) and 19 participants
(15 men, four women) in the LRYGB group (mean age,
42.53 ± 10.63 years; mean duration of T2DM, 5.68 ± 3.27 years)
were analyzed before and 6 months following surgery. Five
patients in the LSG group versus nine in the LRYGB group
were using insulin. The mean duration of insulin infusion was
1.88 ± 3.41 years in the LSG group and 2.56 ± 3.70 years
in the LRYGB group. Eleven patients with hypertension in
the LSG group versus 12 patients with hypertension in the
LRYGB group were included. In the LSG group, nine patients
were treated with calcium channel blockers, and two did not
take any antihypertensive medications. In the LRYGB group,

eight patients were treated with calcium channel blockers, three
with angiotensin-converting enzymes, and one with a calcium
channel blocker plus angiotensin-converting enzyme. The other
baseline characteristics are shown in Table 1. No significant
intergroup differences were found in the characteristics of
the subjects.

As shown in Table 2, BMI, waist-to-height ratio (WtHR),
systolic blood pressure, diastolic blood pressure, and triglycerides
(TG) decreased significantly at 6 months postoperative
versus baseline. The mean fasting glucose decreased from
9.77 ± 3.39 mmol/L to 5.98 ± 1.58 mmol/L in the LSG group
versus from 10.16 ± 4.73 mmol/L to 5.68 ± 1.55 mmol/L in the
LRYGB group. The mean HbA1c decreased from 8.74 ± 1.77%
to 6.02 ± 0.82% in the LSG group and from 8.81 ± 1.93% to
6.1± 0.87% in the LRYGB group.

Insulin Sensitivity, Insulin Secretion, and
β-Cell Function
As shown in Tables 2, 3, the GDR significantly increased
at 6 months after LSG (from 3.18 ± 1.36 mg/kg/min
to 7.09 ± 1.69 mg/kg/min) and LRYGB (from
4.28± 1.70 mg/kg/min to 8.47± 1.89 mg/kg/min). Time to reach
euglycemia decreased remarkably from 126.0 ± 9.61 min to
106.7 ± 13.82 min in the LSG group and from 124.4 ± 9.44 min
to 108.1 ± 13.13 min in the LRYGB group at 6 months
postoperative. The mean QUICKI increased at 6 months
after LSG (from 0.44 ± 0.06 to 0.54 ± 0.09) and LRYGB
(from 0.52 ± 0.09 to 0.74 ± 0.17). The mean TyG index
significantly decreased by 1.32 ± 1.15 in the LSG group and
by 1.33 ± 1.11 in the LRYGB group at 6 months postoperative.
Meanwhile, a significant change was observed in insulin
secretion and β-cell function after bariatric surgery. The mean
IGI30 decreased by 1.20 ± 1.14 in the LSG group and by
1.22 ± 1.68 in the LRYGB group. The mean DI increased
by 4.29 ± 4.88 in the LSG group and by 5.97 ± 5.09 in
the LRYGB group. The AUC-CRT significantly increased
6 months after surgery. Compared with the baseline, other
indicators, including HOMR-IR and AUC-OGTT, significantly
decreased postoperatively.

TABLE 1 | Comparison of clinical characteristics in the LRYGB and LSG group.

Characteristics LRYGB (n = 19) LSG (n = 17) P value

Gender 19 17 0.5761

Men 15 12

Female 4 5

Age (year) 42.53 ± 10.63 39.0 ± 13.66 0.3987

Duration of T2DM (year) 5.68 ± 3.27 5.71 ± 4.21 0.9863

Metformin 15 10 0.2013

Duration (year) 4.58 ± 3.96 4.24 ± 4.84 0.8164

Insulin infusions 9 5 0.2830

Duration (year) 2.56 ± 3.70 1.88 ± 3.41 0.5623

Comorbidities

Hypertension 12 11 0.9258

Non-alcoholic fatty liver 15 16 0.1994
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TABLE 2 | Variables comparison of the LRYGB and LSG group at baseline and post-surgery.

LRYGB (n = 19) LSG (n = 17)

Basal Post-surgery P value Basal Post-surgery P value

Body mass (kg) 79.47 ± 9.70 69.48 ± 11.52 < 0.0001**** 89.61 ± 9.15 79.12 ± 10.71 < 0.0001****

BMI (kg/m2) 28.77 ± 1.64 25.09 ± 3.02 < 0.0001**** 31.25 ± 1.55 27.51 ± 2.74 < 0.0001****

Waist circumference (cm) 97.50 ± 6.47 83.63 ± 8.27 < 0.0001**** 112.4 ± 15.37 92.97 ± 11.63 < 0.0001****

Hip circumference (cm) 99.97 ± 6.14 91.84 ± 5.73 < 0.0001**** 110.8 ± 10.38 100.8 ± 8.05 < 0.0001****

WHR 0.98 ± 0.04 0.91 ± 0.05 < 0.0001**** 1.01 ± 0.08 0.92 ± 0.08 0.0003

WtHR 0.59 ± 0.38 0.50 ± 0.04 < 0.0001**** 0.67 ± 0.09 0.55 ± 0.07 < 0.0001****

SBP (mmHg) 134.8 ± 16.98 123 ± 21.04 0.0212* 135.4 ± 18.52 125.1 ± 17.41 0.0764**

DBP (mmHg) 86.47 ± 12.59 79.21 ± 13.55 0.0356* 92.94 ± 14.74 81.76 ± 7.46 0.0063**

ALT (U/L) 54.58 ± 51.54 27.84 ± 25.36 0.0556 52.88 ± 45.94 23.94 ± 19.86 0.0081**

AST (U/L) 31.58 ± 17.64 24.84 ± 9.51 0.1806 29.59 ± 18.81 19.88 ± 10.73 0.0418*

LDL (mmol/L) 2.49 ± 0.86 2.43 ± 0.38 0.7665 2.56 ± 0.96 3.02 ± 0.98 0.1055

HDL (mmol/L) 1.14 ± 0.24 1.21 ± 0.23 0.3035 1.01 ± 0.28 1.16 ± 0.20 0.0116*

TC (mmol/L) 5.15 ± 0.93 4.39 ± 0.60 < 0.0001**** 5.27 ± 1.16 5.27 ± 0.90 0.9875

TG (mmol/L) 3.82 ± 4.10 1.28 ± 0.44 0.0096** 4.10 ± 4.23 1.56 ± 1.11 0.0219*

Fasting

Glucose (mmol/L) 10.16 ± 4.73 5.68 ± 1.55 < 0.0001**** 9.77 ± 3.39 5.98 ± 1.58 0.0003***

HbA1c (%) 8.81 ± 1.93 6.1 ± 0.87 < 0.0001**** 8.74 ± 1.77 6.02 ± 0.82 < 0.0001****

Hyperinsulinemic clamp

Glucose disposal rate (mg/kg/min) 4.28 ± 1.70 8.47 ± 1.89 < 0.0001**** 3.18 ± 1.36 7.09 ± 1.69 < 0.0001****

Time to reach euglycemia (min) 124.4 ± 9.44 108.1 ± 13.13 < 0.0001**** 126.0 ± 9.61 106.7 ± 13.82 < 0.0001****

OGTT (mmol/L)

0 min 9.85 ± 4.69 5.54 ± 1.20 0.0008*** 9.32 ± 2.63 6.21 ± 2.37 0.0041**

30 min 14.05 ± 3.55 13.62 ± 3.24 0.6828 13.65 ± 2.56 12.62 ± 3.94 0.4028

120 min 17.90 ± 4.29 7.70 ± 4.12 < 0.0001**** 16.99 ± 3.22 9.25 ± 4.97 < 0.0001****

AUC (min × mmol/L) 1796 ± 443.9 1247 ± 347.9 < 0.0001**** 1723 ± 307.0 1266 ± 417.4 0.0024**

OGTT-CRT (µg/L)

0 min 2.63 ± 0.88 1.70 ± 0.46 < 0.0001**** 3.51 ± 1.59 3.08 ± 1.34 0.2304

30 min 3.97 ± 1.25 7.82 ± 2.55 < 0.0001**** 4.78 ± 2.49 9.30 ± 6.15 0.0040**

120 min 6.16 ± 2.28 7.40 ± 3.78 0.2187 8.15 ± 4.52 8.89 ± 3.49 0.5365

AUC (min × µg/L) 554.4 ± 166.7 827.3 ± 277.6 0.0017** 706.3 ± 362.6 1004 ± 493.3 0.0136*

HOMA-IR 5.48 ± 3.86 1.34 ± 0.72 < 0.0001**** 10.98 ± 7.68 4.61 ± 3.19 0.0004***

IGI30 2.04 ± 2.12 0.83 ± 0.47 0.005** 2.12 ± 1.73 0.92 ± 0.66 0.001**

Disposition index 1.14 ± 1.35 7.11 ± 4.93 0.000**** 1.25 ± 1.78 5.60 ± 4.58 0.004**

Triglyceride glucose index 9.93 ± 1.03 8.60 ± 0.43 < 0.0001* 10.04 ± 0.79 8.72 ± 0.65 0.0002***

QUICKI 0.52 ± 0.09 0.74 ± 0.17 < 0.0001**** 0.44 ± 0.06 0.54 ± 0.09 < 0.0001****

*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
WHR, waist-hip ratio; WtHR, waist-to-height ratio; SBP, systolic blood pressure; DBP, diastolic blood pressure; LDL, low-density lipoprotein; HDL, high-density lipoprotein;
TC, total cholesterol; TG, triglyceride; HbA1c, glycosylated hemoglobin A1c; OGTT, oral glucose tolerance test; AUC, area under the curve; CRT, C peptide release test;
IGI30, 30-min insulinogenic index; QUICKI, quantitative insulin sensitivity check index.

Composite Triple Endpoint
As shown in Table 4, the proportion of composite triple endpoint
remissions appeared higher in the LRYGB group than in the LSG
group (52.63% vs. 29.41%), but the difference was not statistically
significant [odds ratio, 0.3750; 95% confidence interval (CI),
0.09252–1.511; p = 0.1922].

DISCUSSION

Type 2 diabetes mellitus is a global problem, but more
than 50% of patients are unable to achieve their therapeutic
targets (Saydah et al., 2004). IR is an important factor in

the pathophysiology of T2DM and it significantly increases
the incidence of comorbidities (Way et al., 2016). Bariatric
surgery likely contributes to antidiabetic effects through weight
loss and other weight-independent mechanisms (Batterham and
Cummings, 2016). Previous research has shown that LRYGB and
LSG are effective at achieving IR normalization based on the data
of patients with severe obesity (Benaiges et al., 2013). However,
the data on bariatric surgery for IR remission are insufficient in
patients with T2DM and a low BMI.

Here we investigated whether LSG and LRYGB improve
insulin sensitivity in patients with T2DM and a BMI of
27.5–32.5 kg/m2. No intergroup differences were observed in the
baseline characteristics of the patients. To this end, we assessed
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TABLE 3 | Comparison of variable differences of the LRYGB and LSG group
between baseline and post-surgery.

Bariatric surgery

Variables LRYGB (n = 19) LSG (n = 17)

1BMI (kg/m2) −3.68 ± 2.05 −3.73 ± 1.88

1WHR −0.07 ± 0.06 −0.09 ± 0.08

1WtHR −0.09 ± 0.04 −0.12 ± 0.05

Fasting

1Glucose (mmol/L) −4.48 ± 3.93 −3.79 ± 3.41

1HbA1c (%) −2.71 ± 1.78 −2.72 ± 1.97

Hyperinsulinemic clamp

1Glucose disposal rate (mg/kg/min) 4.19 ± 1.94 3.90 ± 1.45

1Time to reach euglycemia (min) −16.32 ± 11.88 −19.29 ± 10.61

OGTT

1AUC-OGTT (min × mmol/L) −549.6 ± 491.4 −456.7 ± 524.5

1AUC-CRT (min × µg/L) 272.8 ± 323.6 297.8 ± 442.8

1HOMA-IR −4.14 ± 3.72 −6.37 ± 5.90

1IGI30 −1.22 ± 1.68 −1.20 ± 1.14

1Disposition index 5.97 ± 5.09 4.29 ± 4.88

1Triglyceride glucose index −1.33 ± 1.11 −1.32 ± 1.15

1QUICKI 0.21 ± 0.18 0.09 ± 0.06

WHR, waist-hip ratio; WtHR, waist-to-height ratio; SBP, systolic blood pressure;
DBP, diastolic blood pressure; LDL, low-density lipoprotein; HDL, high-density
lipoprotein; TC, total cholesterol; TG, triglyceride; HbA1c, glycosylated hemoglobin
A1c; OGTT, oral glucose tolerance test; AUC, area under the curve; CRT, C
peptide release test; IGI30, 30-min insulinogenic index; QUICKI, quantitative insulin
sensitivity check index.

the GDR, time to reach euglycemia, HOMR-IR, QUICKI, OGTT
with modeling, and TyG index. Our data show that, after
weight loss induced by LSG or LRYGB, there were significant
improvements in the GDR, HOMR-IR, QUICKI, and TyG index.
All of the indicators evaluating the IR significantly improved
from baseline to 6 months postoperative. Our previous study
also showed that IR significantly improved at 3 months following
LRYGB in patients with T2DM and a BMI <32.5 kg/m2 (Zhao
et al., 2017). Similar to our study, a dramatic reduction in IR
was observed in patients with T2DM and a BMI of 23–35 kg/m2

after LRYGB (Lee et al., 2011). Lee et al. (2010) found that IR
decreased in patients with T2DM and a BMI of 25–35 kg/m2

following LSG.
A reduction in insulin secretion (1insulin/1glucose in

30 min) and an increase in total insulin secretion (AUC for
insulin) was observed at 6 months after bariatric surgery in
T2DM patients with a BMI <35 kg/m2 (Lee et al., 2011).
Similar results for insulin secretion were found using IGI30 and
AUC-CRT in our study population. An increase in β-cell mass
through “nesidioblastosis” may account for the increase in insulin
secretion (Kaiser, 2005). The increase in the insulin secretion
rate response to the OGTT, together with the restoration of
the first-phase insulin secretion, might explain the reversal of
T2DM after LRYGB (Salinari et al., 2013). Early improvement of
β-cell function was associated with T2DM remission after LSG
(Mullally et al., 2019). Our data showed a significant increase in
DI at 6 months postoperative in both the groups. This showed
that LRYGB and LSG significantly improved β-cell function,

TABLE 4 | Comparison of diabetes remission in the LRYGB and LSG group.

Diabetes
remission

LRYGB
(n = 19)

LSG (n = 17) Odds ratio (95%
confidence

interval)

P value

Composite triple
endpoint

10 (52.8%) 5 (29.41%) 0.38 (0.09–1.51) 0.1993

Fail to composite
triple endpoint

9 (47.37%) 12 (70.59%)

which may be one of the mechanisms of diabetes remission after
bariatric surgery.

Meanwhile, other indicators, including BMI, WtHR, blood
pressure, TG, fasting glucose, and HbA1c, also significantly
improved from baseline to 6 months postoperative in our study
groups. Based on our data, we may conclude that LSG and
LRYGB are also effective at alleviating IR in Chinese patients with
T2DM and a BMI of 27.5–32.5 kg/m2.

Both LSG and LRYGB are proven effective options for T2DM
and comorbidities, especially in patients with a BMI >35 kg/m2

(Zimmet et al., 2011). Our previous studies also demonstrated
that weight, glycemic, and lipid profiles improved in T2DM
patients with a BMI <32.5 kg/m2 who underwent bariatric
surgery (Ji et al., 2020). In the present study, anthropometric
and glycolipid parameters improved from baseline to 6 months
after LSG and LRYGB. This finding is consistent with the results
of previous studies (Di et al., 2016; Du et al., 2017; Ji et al.,
2020). Consequently, the two bariatric procedures were available
for Chinese patients with T2DM and a BMI of 27.5–35 kg/m2.
Two randomized clinical trials (RCTs) showed no difference in
remission of T2DM, quality of life, or individual burden for
patients with surgical complications at 5 years postoperative in
patients with a BMI >35 kg/m2 (Peterli et al., 2017). Based on
our results, the proportion of patients achieving composite triple
endpoint remission in the LRYGB group seemed higher than
that in the LSG group, but the difference was not statistically
significant. This may indicate that LRYGB also has no short-term
advantage in the improvement of the composite triple endpoint
for Chinese patients with T2DM and a low BMI.

The present study had several limitations. First, its sample size
was small. Second, the patients were not randomly assigned to the
bariatric procedures. Third, the follow-up time was significantly
insufficient, and the triple composite endpoint to evaluate the
remission of T2DM was not ideal.

CONCLUSION

Both LRYGB and LSG effectively achieve remission of IR
in patients with T2DM and a BMI of 27.5–37.5 kg/m2.
Larger sample and longer follow-up RCTs are required to
validate our findings.
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Background: Cardiac hypertrophy as a main pathological manifestation of diabetic 
cardiomyopathy (DCM), is a significant complication of diabetes. Bariatric surgery has 
been proven to relieve DCM; however, whether it can alleviate diabetes-induced cardiac 
hypertrophy is undefined.

Methods: Diabetic and obese rats were performed sleeve gastrectomy (SG) after having 
diabetes for 16 weeks. The rats were euthanized 8 weeks after SG. Metabolic parameters, 
heart function parameters, myocardial glucose uptake, morphometric and histological 
changes, and the expression level of mitogen-activated protein kinases (MAPKs) were 
determined and compared among the control group (CON group), diabetes mellitus group 
(DM group), sham operation group (SHAM group), and SG group.

Results: Compared with the SHAM group, the blood glucose, body weight, insulin 
resistance, and other metabolic parameters were significantly improved in the SG group. 
There was also a marked improvement in myocardial morphometric and histological 
parameters after SG. Furthermore, the myocardial glucose uptake and heart function 
were reversed after SG. Additionally, the phosphorylation of MAPKs was inhibited after 
SG, including p38 MAPKs, c-Jun N-terminal kinases (JNKs), and extracellular signal-
regulated kinases 1/2 (ERK1/2). The expression of DUSP6, which dephosphorylates 
ERK1/2, was upregulated after SG. These findings suggest that SG ameliorated diabetes-
induced cardiac hypertrophy correlates with the MAPK signaling pathway.

Conclusion: These results showed that diabetes-induced cardiac hypertrophy was 
ameliorated after SG was closely related to the inhibition of the MAPK signaling pathway 
and upregulation of DUSP6. Therefore, this study provides a novel strategy for treating 
diabetes-induced cardiac hypertrophy.

Keywords: diabetes-induced cardiac hypertrophy, sleeve gastrectomy, MAPK, ERK1/2, DUSP6
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INTRODUCTION

During the past three decades, the number of people with 
diabetes mellitus has increased fourfold (Gibb and Hill, 2018). 
Diabetes and its complications, including diabetic cardiomyopathy 
(DCM), pose a serious threat to global health and place a 
great burden on global health care (Holman et al., 2015; Zimmet, 
2017). DCM substantially increases a person’s risk of heart 
failure (Kannel et  al., 1974; de Simone et  al., 2010); among 
hospitalized patients with heart failure, approximately 44% have 
diabetes mellitus (Echouffo-Tcheugui et  al., 2016). Cardiac 
hypertrophy and myocardial fibrosis are the main pathological 
features of DCM, with a significant association with death in 
DCM patients (Kobayashi and Liang, 2015; Jia et  al., 2018). 
Unfortunately, there is no reliable strategy for treating this disease.

Initially, bariatric surgery was only used to treat morbid 
obesity, but we  have found that it also has some benefits for 
the treatment of type 2 diabetes mellitus (T2DM) and its 
complications (Affinati et al., 2019; Ruze et al., 2020). Presently, 
sleeve gastrectomy (SG) and Roux-en-Y gastric bypass (RYGB) 
are the most common bariatric surgeries undertaken globally, 
accounting for 45.9 and 39.6%, respectively (Angrisani et  al., 
2017; Pucci and Batterham, 2019). Nowadays, multiple studies 
have demonstrated that bariatric surgery improved hyperglycemia 
and reduced body weight (Affinati et al., 2019; Arterburn et al., 
2020; Docherty and le Roux, 2020). Markedly, bariatric surgery 
significantly alleviates T2DM and improves its complications, 
compared with traditional medical treatment (Nguyen and 
Varela, 2017). Huang et al. have shown that the bariatric surgery 
improved DCM and diabetes-induced cardiac hypertrophy 
clearly (Huang et al., 2018), yet the specific mechanism is unclear.

The mitogen-activated protein kinase (MAPK) signaling 
pathway has been demonstrated to play a key role in pathological 
cardiac hypertrophy by multiple studies (Ba et  al., 2019; Liao 
et  al., 2019). As a highly conserved signaling pathway, this 
pathway is widely found in mammals (Cargnello and Roux, 
2011). The conventional MAPK signaling family is mainly 
composed of three pathways, the p38 MAPKs, the c-Jun 
N-terminal kinases (JNKs), and the extracellular signal-regulated 
kinases 1/2 (ERK1/2; Siti et al., 2021). The biological responses 
of MAPKs depend on their phosphorylation level (Liu et  al., 
2016). Chang et al. (2011) and Shen et al. (2011) have reported 
that these three MAPKs were upregulated in glucose-induced 
cardiomyocytes and in streptozotocin (STZ)-induced diabetic 
rats. A strong link between MAPK signaling pathway and 
cardiac hypertrophy has been reported (Singh et  al., 2017). 
Among these three MAPKs, JNK and p38 attenuate cardiac 
hypertrophy by regulating pro-inflammation and stress, whereas 
ERK1/2 regulates cell growth, differentiation, and proliferation 
(Mutlak and Kehat, 2021). The dephosphorylation of MAPKs 
is achieved via dual-specificity phosphatases (DUSPs; Liu and 
Molkentin, 2016). Currently, 13 DUSPs have been characterized, 
among them, DUSP1 has been reported to downregulate p38, 
JNK, and ERK1/2  in transgenic mice (Bueno et  al., 2001; Liu 
et  al., 2016). Consistently, a DUSP1 and DUSP4 double-null 
mutant led to enhancement of p38 phosphorylation, which in 
turn reduced the survival rate (Auger-Messier et  al., 2013). 

DUSP6 has been reported to inhibit ERK1/2 to improve cardiac 
hypertrophy (Ramkissoon et  al., 2019). Thus, we  concluded 
that MAPK signaling pathways and DUSPs play a vital role 
in diabetes-induced cardiac hypertrophy.

Our previous study has demonstrated that cardiac hypertrophy 
was ameliorated after bariatric surgery in diabetic rats (Huang 
et  al., 2019). However, whether the amelioration of cardiac 
hypertrophy by SG is related to MAPK signaling pathways 
and DUSPs is unknown. In this study, we  explored this using 
a high-fat diet (HFD)-STZ-T2DM rat model.

MATERIALS AND METHODS

Animals
Eighty 4-week-old male Wistar rats (80–110 g; Vital River 
Laboratory Animal Technology Co., Ltd., Beijing, China) were 
housed in the animal laboratory of Shandong Provincial 
Qianfoshan Hospital of Shandong University in specific pathogen-
free housing conditions at 20–26°C and 50–60% humidity. 
The animal study was reviewed and approved by approved by 
the Institutional Animal Care and Use Committee of Shandong 
Provincial Qianfoshan Hospital of Shandong University. All 
animals were adaptively fed a standard diet for 1 week (SD; 
15% of the calories were fat, Laboratory Animal Center of 
Shandong University, Jinan, China) and then randomly divided 
into the following four groups (Figure  1):

(1) Control group (CON group; n = 15): fed a SD during 
the entire study. (2) Diabetes mellitus group (DM group; n = 18): 
received a single intraperitoneal STZ (Sigma-Aldrich, St. Louis, 
MO, United  States) injection at 33 mg/kg body weight after a 
4-week HFD (40% of the calories were fat; Jiangsu Xietong 
Pharmaceutical Bio-engineering Co., Ltd., Nanjing, China) 
followed by a 12-h fast. STZ was dissolved in 0.1 mol/L sodium 
citrate buffer (pH = 4.5; Beijing Solarbio Science & Technology 
Co., Ltd., Beijing, China) to 0.1 ml/mg. Three days after the 
STZ injection, the random blood glucose was measured three 
consecutive times (≥ 16.7 mmol/L was considered a successful 
model of diabetic rats; Zhang et  al., 2020). (3) Sham operation 
group (SHAM group, n = 20): treated like the DM group, but 
a sham operation was performed 16 weeks after the STZ injection. 
The rats continued to be  fed an HFD for 8 weeks after the 
operation and were then euthanized. (4) Sleeve gastrectomy 
group (SG group, n = 27): treated like the DM group, but the 
SG was performed 16 weeks after the STZ injection. The rats 
continued to be  fed an HFD for 8 weeks after the operation 
and were then euthanized.

After the experiments, all rats in the CON group survived, 
five rats in the DM group died of hyperglycemia, and two 
and six rats in the SHAM group died of hyperglycemia and 
infection, respectively. In the SG group, two rats died of 
hypoglycemia, four rats died of intestinal obstruction, three 
rats died of infection, and three rats died of gastric leakage. 
Namely, 15, 13, 12, and 15 rats survived in the CON, DM, 
SHAM, and SG groups, respectively. In addition, there were 
2, 0, 2, and 2 rats in CON group, DM group, SHAM group, 
and SG group, respectively, which were defined as outliers by 
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Grubbs’ test. Thus, 13, 13, 10, and 13 rats in the CON, DM, 
SHAM, and SG groups could be  included in this study, 
respectively. To make the sample size of each group equal, 5, 
3, 2, and 5 rats from the CON, DM, SHAM, and SG groups 
including outliers were randomly euthanatized by injecting an 
overdose of 10% chloral hydrate (6 ml/kg). Consequently, each 
group had 10 rats.

Surgical Procedures
Sleeve gastrectomy: SG was performed as previously reported 
(Bruinsma et al., 2015). All rats fasted for 12 h before operation 
and were then anesthetized with 2% isoflurane gas. First, a 
4 cm incision in the middle of the upper abdomen was made. 
Then, the stomach was be  dissociated until the gastric blood 
vessels and tissue structure were clearly distinguished. The 
blood vessels of the gastric fundus and the greater gastric 
curvature were ligated by 7–0 lines (Ningbo Cheng-He 

Microsurgical Instruments Factory, Ningbo, China) and then 
interrupted after successful ligation. Next, a 0.5 cm incision 
parallel to the greater gastric curvature was made at the gastric 
fundus to remove the stomach contents. The gastric fundus 
and a large portion of the gastric body on the greater gastric 
curvature were removed, and subsequently, the remaining 
stomach was sutured with a 5–0 line (Ningbo Cheng-He 
Microsurgical Instruments Factory). The anatomical position 
of the abdominal cavity was restored after confirming no active 
bleeding. Finally, the abdominal cavity was closed layer by 
layer with 3–0 lines (Ningbo Cheng-He Microsurgical 
Instruments Factory).

Sham operation: This operation was the same as the above 
SG procedure before blocking the gastric blood vessels. There 
were no other interventions, except for exposing abdominal 
organs, such as the stomach, small intestine, and liver. Additionally, 
to maintain the same degree of stress as the SG group, we prolonged 
the operative and anesthesia time in line with the SG group.

Physiological Parameters
The body weight of all the rats was measured before the 
operation and 2, 4, 6, and 8 weeks after the operation. The 
food intake was measured at the same time points as the 
body weight. After euthanasia, the heart weight (HW) and 
tibia length (TL) of the rats were measured and the HW/TL 
ratio was calculated and analyzed.

Blood Chemistry
The fasting blood glucose (FBG) was measured by a glucometer 
(Roche One Touch Ultra, Lifescan, Johnson & Johnson, Milpitas, 
CA, United  States) after a 12-h fast at the same time points 
as the body weight was measured. Blood was collected from 
the tail vein of anesthetized rats and immediately centrifuged 
for 8 min at 3000 rpm, and then, the upper serum was collected 
and stored in a frozen tube at −80°C. The serum insulin was 
measured by an ELISA kit (EZRMI-13K, Millipore, Darmstadt, 
Germany). Finally, the homeostasis model assessment of insulin 
resistance (HOMA-IR) was calculated to estimate the degree 
of insulin resistance. The calculation formula was: 
HOMA-IR = fasting serum insulin (mIU/L) × FBG (mmol/L) /22.5.

Oral Glucose Tolerance Test and Insulin 
Tolerance Test
The oral glucose tolerance test (OGTT) was performed after 
a 12-h fast at the same time points as body weight was 
measured. Rats were administered with 1 g/kg glucose by oral 
gavage, and then, their blood glucose was measured after 0, 
10, 30, 60, and 120 min. The area under the curve (AUC) of 
the OGTT (AUCOGTT) was calculated by the trapezoidal method.

Two days after the OGTT, the insulin tolerance test (ITT) 
was performed after a 12-h fast. Rats were administered with 
0.5 IU/kg insulin (Gansulin 40R, Tonghua Dongbao 
Pharmaceutical Co., Ltd., Tonghua, China) by intraperitoneal 
injection, and then, their blood glucose was measured after 
0, 10, 30, 60, and 120 min. The AUC of the ITT (AUCITT) 
was calculated by the trapezoidal method.

FIGURE 1 | The flow chart of animal experiments. N = 10 for per groups. SD, 
standard diet; HFD, high-fat diet; STZ, streptozotocin; CON, control; DM, 
diabetes mellitus; SHAM, sham operation; SG, sleeve gastrectomy.
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Echocardiographic Evaluation
Echocardiography was performed after the 12-h fast and before 
the euthanasia of rats with a Vevo 2,100 imaging system 
(VisualSonics, Toronto, Canada). Rats were anesthetized with 
2% isoflurane. Doppler mode and M-mode imaging were 
performed to evaluate the cardiac structure. Furthermore, left 
ventricular end-diastolic diameter, left ventricular end-systolic 
diameter, ejection fraction, and fractional shortening were 
analyzed to evaluate the function of the left ventricle.

Positron-Emission Tomography Scan and 
Image Processing
Positron-emission tomography (PET) scan was performed 
following a 12-h fast and before the euthanasia of rats, which 
were anesthetized with 2% isoflurane. After intravenous injection 
of 800 μCi (29.6 MBq) 18F-FDG, the entire rat body was 
continuously scanned with a PET scanner (Metis 1800, Madic 
Technology Co., Ltd., Linyi, China) for 60 min. The PET images 
recorded show three dimensions: coronal, sagittal, and transverse. 
Additionally, the average standard uptake value (SUVMean) was 
analyzed by PMOD 4.1 software (PMOD Technologies LLC., 
Zurich, Switzerland) to evaluate the myocardial glucose uptake 
of the rats.

Morphometric and Histological Analysis
The heart tissue was fixed with 4% paraformaldehyde, embedded 
in paraffin, and sectioned into 5 μm sections. The paraffin 
sections were stained with hematoxylin and eosin (H&E; G1003, 
Servicebio, Wuhan, China) to evaluate the heart structure. 
Furthermore, to determine collagen deposition, Sirius Red 
(G1018, Servicebio, Wuhan, China) and Masson (G1006, 
Servicebio, Wuhan, China) staining were performed on the 
5 μm paraffin heart tissue sections. The collagen volume fraction 
(CVF) was calculated by ImageJ software (National Institutes 
of Health, Bethesda, MD, United States) and used as a quantitative 
measure of collagen deposition. To determine the area of cardiac 
myocytes (CMs), paraffin sections of transversely cut muscle 
fibers were stained with wheat germ agglutinin (WGA; L4895, 
Sigma-Aldrich, St. Louis, MO, United  States). ImageJ software 
was used to calculate the CM area. Oil Red O staining assessed 
myocardial lipid accumulation. The fresh tissue frozen sections 
were reheated and dried and then fixed it in the fixative solution 
for15 min. Oil Red solution (G1016, Servicebio, Wuhan, China) 
was used to stain the frozen sections. And then immersed 
them into isopropanol for differentiation. After stained by 
hematoxylin (G1004, Servicebio, Wuhan, China), followed by 
three washes. Finally, the sections with glycerin gelatin. All 
the sections were made into digital sliders by a Pannoramic 
Digital Slide Scanners (Pannoramic DESK, P-MIDI, P250, and 
P1000, 3DHISTECH Ltd., Budapest, Hungary).

Quantitative Real-Time PCR
Total RNA was extracted from frozen heart tissue by TRIzol 
reagent (G3013, Servicebio, Wuhan, China). Single-strand 
complementary DNA (cDNA) was synthesized by ReverTra 

Ace qPCR RT Kit (FSQ-101, TOYOBO Co., Ltd., Osaka, Japan). 
For quantitative real-time PCR, the SYBR Green Realtime PCR 
Master Mix (QPK-201, TOYOBO Co., Ltd.) was used following 
the manufacturer’s instructions. The total PCR reaction volume 
was 20 μl, containing 0.8 μl of each primer. The target-specific 
primers were designed by Sangon Biotech (Shanghai, China), 
and the specific sequences are listed in Table  1.

Immunohistochemistry
Paraffin-embedded heart tissue was sectioned into 5 μm sections. 
The paraffin sections were deparaffinized and rehydrated in 
xylol and alcohol. The antigen was retrieved in a microwave 
oven with citrate antigen retrieval solution (ZLI 9064, ZSGB-
BIO, Beijing, China) after three washes with phosphate-buffered 
saline (PBS, G0002-2L, Servicebio). Sections were incubated 
overnight at 4°C with primary antibodies (Collagen I, 1:500, 
ab270993, Abcam, Cambridge, MA, United  States; Collagen 
III, 1:200, ab7778, Abcam; DUSP6, 1:100, ET1602-18, Huabio, 
China; p-ERK1/2, 1:200, 4,370 T, Cell Signaling Technology, 
Danvers, MA, United  States), followed by three washes with 
PBS. Sections were then incubated with a universal two-step 
detection kit (PV-9000, ZSGB-BIO) following the manufacturer’s 
instructions. After three washes with PBS, the sections were 
stained with diamino-benzidine (DAB, ZLI-9018, ZSGB-BIO) 
and hematoxylin and then dehydrated, and transparency were 
performed. Finally, the sections were made into digital slides 
with Pannoramic Digital Slide Scanners (Pannoramic DESK, 
P-MIDI, P250, and P1000, 3DHISTECH Ltd.).

Western Blot Analysis
Total protein was extracted from frozen heart tissue using a 
Minute™ muscle tissue total protein extraction kit (SA-06-MS, 
Invent Biotechnologies, Inc., United  States) following the 
manufacturer’s instructions. Protein samples were quantified 

TABLE 1 | Specific sequences of primers used in real-time PCR.

Gene Primer sequence, 5ʹ-3ʹ Gene ID

Anp
F: GAGCGAGCAGACCGATGAAGC

R: TCCATCTCTCTGAGACGGGTTGAC
24602

β-mhc
F: CACCGCCTCCTCCACCTCTG

R: CCAGAACACCAGCCTCATCAACC
29557

Col1a1
F: TGTTGGTCCTGCTGGCAAGAATG

R: GTCACCTTGTTCGCCTGTCTCAC
29393

Col3a1
F: AGTCGGAGGAATGGGTGGCTATC

R: CAGGAGATCCAGGATGTCCAGAGG
84032

Col4a5
F: CATACAAGGTGTGGCGGGAAATCC

R: TCCTGGCTGGCTGATGGTCTG
363457

Col9a1
F: GAGCCAGGAAGACAAGGACACAAG

R: CCAACTATGCCAGTGATGCCTCTC
305104

Dusp6
F: CGGTGACAGTGGCTTACCTTATGC

R: TGAAGTTGAAGTTGGGAGAGATGTTGG
116663

β-actin
F: TGCTATGTTGCCCTAGACTTCG

R: GTTGGCATAGAGGTCTTTACGG
81822

F, forward and R, reverse.
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using a BCA Protein Assay Kit (E-BC-K318-M, Elabscience, 
Wuhan, China). Protein samples were resolved on 10% SDS-PAGE 
gels (PG212, EpiZyme, Shanghai, China) and transferred onto 
polyvinylidene fluoride membranes (Millipore, Burlington, MA, 
United  States). The membranes were blocked with 5% fat-free 
milk and incubated overnight at 4°C with primary antibodies 
(ANP, 1:1000, ab209232, Abcam, United States; β-MHC, 1:1000, 
22280-1-AP, Proteintech, China; p38, 1:1000, ET1702-65, Huabio, 
China; JNK, 1:1000, RT1550, Huabio, China; ERK1/2, 1:1000, 
67170-1-Ig, Proteintech, China; p-p38, 1:1000, ER1903-01, 
Huabio, China; p-JNK, 1:1000, 4668S, Cell Signaling Technology, 
USA; p-ERK1/2, 1:1000, 4370T, Cell Signaling Technology, 
United  States; DUSP  6, 1:1000, ET1602-18, Huabio, China; 
β-ACTIN, 1:1000, ab8226, Abcam, United  States). Then, the 
membranes were washed and incubated with secondary antibodies 
(Goat anti-Mouse IgG, 1:10000, ab216776, Abcam; Goat Anti-
Rabbit IgG, 1:10000, ab6721, Abcam). The protein bands were 
visualized by ECL (Millipore) and quantified using ImageJ 
software (National Institutes of Health).

Statistical Analysis
Data were analyzed using Graph Pad Prism 8.0 (GraphPad 
software, San Diego, CA, United  States) and intergroup 
comparisons were performed with one-way ANOVA followed 
by Tukey’s multiple comparisons test. Statistical outliers were 
determined using the Grubbs’ test. p < 0.05 was considered 
statistically significant. Data are presented as the mean ± SEM.

RESULTS

SG Significantly Improves Metabolic 
Parameters in Diabetic Obese Rats
The metabolic abnormalities in diabetic obese rats were 
significantly improved in the SG group (Figure  2). The results 
showed that the body weight and food intake of the DM 
group were significantly higher than those of the CON group, 
whereas SG significantly reduced these parameters 
(Figures 2A,B). Furthermore, compared with the SHAM group, 
the SG group had a lower level of FBG from 2 weeks after 
the operation (Figure  2C). In addition to the change in FBG 
and the serum insulin level, we found that the insulin resistance 
of the SG group was significantly improved compared with 
that of the SHAM group as assessed by HOMA-IR 
(Figures  2C–E). Consistent with the above results, analysis of 
AUCOGTT and AUCITT demonstrated a significant improvement 
in insulin resistance in the SG group (Figures 2F,G). All these 
data above collectively showed that SG can significantly improve 
the metabolic parameters of diabetic obese rats.

SG Significantly Reverses Heart 
Dysfunction in Diabetic Obese Rats
Cardiac hypertrophy was evidenced by increased HW/TL in 
the DM group compared with the CON group. However, the 
SG group had a lower HW/TL compared with the SHAM 
group (Figure  3A). Analyzing the mRNA level of collagen 

genes demonstrated that the expression of Col1a1 and Col3a1 
in the DM group was higher than that in the CON group 
(Figure  3B). Notably, SG significantly reduced the expression 
of these genes compared with that in the SHAM group, yet 
there was no significant difference in the expression of Col4a5 
and Col9a1 among these four groups (Figure 3B). Furthermore, 
immunohistochemistry showed that the expression intensity 
and distribution of collagen I  and collagen III in the DM 
group were significantly higher than those in the CON group 
(Figure 3C). Furthermore, the SG group showed lower expression 
intensity and distribution of collagen I and collagen III compared 
with that in the SHAM group, but it did not decrease to the 
level of the CON group (Figure 3C). With respect to natriuretic 
peptide A (ANP) and cardiac muscle myosin heavy chain β 
isoform (β-MHC), the DM group had a higher expression of 
both, compared with the CON group (Figures  3D,E). 
Additionally, SG significantly decreased this expression, 
suggesting that the cardiac hypertrophy in the SG group was 
improved (Figures  3D,E). Similarly, the changes in the mRNA 
levels of Anp and β-mhc confirmed the above results (Figure 3F).

Moreover, echocardiography, an important method for 
evaluating heart function, showed that SG significantly improved 
the heart function and left ventricular wall thickness of diabetic 
obese rats (Figure  4A). The SG group showed smaller left 
ventricular end-diastolic diameter and left ventricular end-systolic 
diameter, approximately 2 mm and 1 mm reduction, respectively, 
compared with the SHAM group (Figures 4B,C). Furthermore, 
SG significantly elevated the ratio of ejection fraction and 
fractional shortening, by approximately 20 and 10%, respectively 
(Figures  4D,E).

All these results suggest that SG improved the degree of 
myocardial fibrosis and diabetes-induced cardiac hypertrophy, 
and it had a positive effect on the heart function impaired by DM.

SG Significantly Improves Myocardial 
Glucose Uptake in Diabetic Obese Rats
Multiple studies have shown that DM can result in obstruction 
of myocardial glucose uptake (Steneberg et  al., 2018). Thus, 
we  evaluated myocardial glucose uptake by PET scans 
(Figure  4F). The SUVMean of the CON group and SG group 
was significantly higher than that of the DM group and SHAM 
group, respectively; however, the SUVMean of the SG group did 
not reach the level of the CON group (Figure  4G). These 
results suggest that SG improved the diabetes-induced obstruction 
of myocardial glucose uptake.

SG Significantly Improves Myocardial 
Morphology and Histopathology
Many studies have reported that diabetes causes changes in 
myocardial histomorphology (Sassi et  al., 2017; Pabel et  al., 
2018). Compared with the CON group, the CMs in the DM 
group were disordered, the myocardial fibers were fragmented 
and broken, and the cytoplasmic distribution was uneven. 
Notably, SG significantly ameliorated these changes (Figure 5A). 
To evaluate CM size, WGA staining was used to analyze the 
CM area. The results showed that DM led to larger CMs, 
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whereas in the SG group, the area of CMs was significantly 
smaller than that in the SHAM group (Figures  5B,F). 
Myocardial fibrosis, a significant feature of cardiac hypertrophy, 
was evaluated by the CVF, which was determined by Sirius 
Red staining and Masson staining (Figures  5C,D). The SG 
group showed a significantly reduction in CVF, compared 
with the SHAM group (Figure  5G). Oil Red O staining was 

performed to evaluate the lipid accumulation. As a result, 
compared with the SHAM group, SG group showed a 
significantly reduction in lipid accumulation (Figure  5E). 
Namely, SG reduced the size of CMs and improved their 
arrangement and the cytoplasmic distribution. Furthermore, 
it significantly improved myocardial lipid accumulation 
and fibrosis.

A B

C D

E F

G

FIGURE 2 | The effect of SG on the metabolic parameters. (A) Body weight, (B) food intake, (C) FBG, (D) serum insulin, (E) HOMA-IR, (F) AUCOGTT, (G) AUCITT 
before and after operation. Data are expressed as means ± SEM for n = 10 per groups. *p < 0.05 vs. CON group, **p < 0.001 vs. CON group, ***p < 0.0001 vs. CON 
group; #p < 0.05 vs. SHAM group, ##p < 0.001 vs. SHAM group, ###p < 0.0001 vs. SHAM group. FBG, fasting blood glucose; HOMA-IR, homeostasis model 
assessment of insulin resistance; AUCOGTT, the area under the curve of the oral glucose tolerance test; AUCITT, the area under the curve of the insulin tolerance test; 
CON, control; DM, diabetes mellitus; SHAM, sham operation; SG, sleeve gastrectomy.
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Effects of SG on MAPK Signaling 
Pathways
Based on previous studies showing that the activation of MAPK 
signaling pathways resulted in cardiac hypertrophy (Singh et al., 

2017), we  investigated the effect of SG on these pathways. 
Western blot was performed to analyze the expression of 
MAPKs. The myocardial expression of p-p38, p-JNK, and 
p-ERK1/2 was significantly higher in the DM group and SHAM 

A B

C

D E

F

FIGURE 3 | The positive effect of SG on the heart basic parameters and the expression of collagen. (A) HW/TL was measured. (B) Heart mRNA levels of Col1a1, 
Col3a1, Col4a5, and Col9a1 were measured. (C) The representative immunohistochemical staining of collagen I and collagen III (magnification 10×, scale bars 
represent 400 μm; magnification 40×, scale bars represent 100 μm). Brown staining is considered positive. (D) The representative bands of ANP and β-MHC and 
(E) relative protein level of ANP and β-MHC were quantitatively analyzed. (F) Heart mRNA levels of Anp and β-mhc were measured. Data are expressed as 
means ± SEM for n = 10 per groups. *p < 0.05 vs. CON group, **p < 0.001 vs. CON group, ***p < 0.0001 vs. CON group; #p < 0.05 vs. SHAM group, ##p < 0.001 vs. 
SHAM group, ###p < 0.0001 vs. SHAM group. HW/TL, heart weight/tibial length; CON, control; DM, diabetes mellitus; SHAM, sham operation; SG, sleeve 
gastrectomy.
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group, compared with the CON group, but these three MAPKs 
were significantly downregulated after SG (Figures  6A,B). The 
results of the ratio of p-p38 to total p38, p-JNK to total JNK, 
and p-ERK1/2 to total ERK1/2 were consistent with the above 
result (Figures  6C–E). Taken together, we  deduced that SG 
ameliorated diabetes-induced cardiac hypertrophy, at least partly, 
associated with inhibition of MAPK signaling pathways.

Effects of SG on the Expression of DUSP6
DUSPs specifically dephosphorylate and inactivate MAPKs (Liu 
and Molkentin, 2016). ERK1/2 plays a key role in cell growth, 
differentiation, and proliferation (Mutlak and Kehat, 2021). 
Previous study has reported that DUSP6 may inhibit ERK1/2 
(Ramkissoon et  al., 2019). Based on these theories, 

we  investigated the myocardial expression of DUSP6. As 
we speculated, Western blot showed that the DUSP6 expression 
in the DM group was significantly lower than that in the 
CON group, whereas it was significantly upregulated after SG 
(Figures 6F,G). The real-time PCR results were consistent with 
the protein expression results (Figure  6H). These data suggest 
that the upregulation of DUSP6 may correlate with SG.

DUSP6 Promotes ERK1/2 
Dephosphorylation
To determine the effect of DUSP6 on ERK1/2 dephosphorylation, 
immunohistochemistry and quantitative analysis were performed. 
Two consecutive paraffin-embedded heart tissue sections were 
incubated with primary antibodies for DUSP6 and p-ERK1/2. 

A B C

D E

F G

FIGURE 4 | The beneficial effect of SG on the heart function and myocardial glucose uptake. (A) The representative images of echocardiography, and the 
(B) LVEDD, (C) LVESD, (D) EF, (E) FS were measured and analyzed. (F) The representative heart PET images of the rats and (G) comparisons of the myocardial 
glucose uptake through SUVMean. Data are expressed as means ± SEM for n = 10 per groups. *p < 0.05 vs. CON group, **p < 0.001 vs. CON group, ***p < 0.0001 vs. 
CON group; #p < 0.05 vs. SHAM group, ##p < 0.001 vs. SHAM group, ###p < 0.0001 vs. SHAM group. PET, positron-emission tomography; LVEDD, left ventricular 
end-diastolic diameter; LVESD, left ventricular end-systolic diameter; EF, ejection fraction; FS, fractional shortening; SUVMean, the average standard uptake value; 
CON, control; DM, diabetes mellitus; SHAM, sham operation; SG, sleeve gastrectomy.

62

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


Xu et al. Sleeve Gastrectomy Ameliorates Cardiac Hypertrophy

Frontiers in Physiology | www.frontiersin.org 9 November 2021 | Volume 12 | Article 785799

We  observed a clear negative correlation between DUSP6 and 
p-ERK1/2 expression (Figure 6I). These results were consistent 
with our previous results (Figures  6A–H). Namely, the results 

indicated that in the heart tissue, DUSP6 promoted ERK1/2 
dephosphorylation, thereby partially ameliorating diabetes-
induced cardiac hypertrophy.

A

B

C

D

E

F G

FIGURE 5 | The reversal effect of SG on the heart morphometric and histological. The representative (A) H&E, (B) WGA, (C) Sirius Red, and (D) Masson stainings 
of heart tissue. (E) The Oil Red O staining of heart tissue, and arrows show lipid droplets (magnification 10×, scale bars represent 400 μm; magnification 40×, scale 
bars represent 100 μm; magnification 120×, scale bars represent 50 μm). The (F) CM area and (G) CVF were calculated and analyzed. Data are expressed as 
means ± SEM for n = 10 per groups. *p < 0.05 vs. CON group, **p < 0.001 vs. CON group, ***p < 0.0001 vs. CON group; #p < 0.05 vs. SHAM group, ##p < 0.001 vs. 
SHAM group, ###p < 0.0001 vs. SHAM group. H&E, hematoxylin and eosin; WGA, wheat germ agglutinin; CM, cardiac myocyte; CVF, collagen volume fraction; 
CON, control; DM, diabetes mellitus; SHAM, sham operation; SG, sleeve gastrectomy.
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DISCUSSION

With the rapid increase in the number of diabetic patients in 
recent years, increased attention has been paid to the treatment 

of diabetes and its complications (Zheng et  al., 2018). Among 
these complications, DCM damage has been widely recognized 
(Kannel et  al., 1974; de Simone et  al., 2010), which is defined 
as left ventricular dysfunction in diabetic patients without 

A B

C D E

F G H

I

FIGURE 6 | The effect of SG on MAPK signaling pathway and the expression of DUSP6. (A) The representative bands of p38, p-p38, JNK, p-JNK, ERK1/2, and 
p-ERK1/2, and (B) relative protein level of p38, p-p38, JNK, p-JNK, ERK1/2, and p-ERK1/2 were quantitatively analyzed. (C–E) The expression ratio of p-p38 over 
total p38, p-JNK over total JNK, and p-ERK1/2 over total ERK1/2, respectively. (F) The representative bands of DUSP6 and (G) relative protein level of DUSP6 were 
quantitatively analyzed. (H) Cardiac mRNA level of Dusp6 was measured. (I) The representative immunohistochemical staining of DUSP6 and p-ERK1/2 
(magnification 10×, scale bars represent 400 μm; magnification 40×, scale bars represent 100 μm). Brown staining is considered positive. Data are expressed as 
means ± SEM for n = 10 per groups. *p < 0.05 vs. CON group, **p < 0.001 vs. CON group, ***p < 0.0001 vs. CON group; #p < 0.05 vs. SHAM group, ##p < 0.001 vs. 
SHAM group, ###p < 0.0001 vs. SHAM group. CON, control; DM, diabetes mellitus; SHAM, sham operation; SG, sleeve gastrectomy.
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coronary heart disease and arterial hypertension (Adeghate and 
Singh, 2014). One of the main pathological features of DCM 
is cardiac hypertrophy, which can lead to ventricular dilatation, 
interstitial fibrosis, and eventually heart failure and death (Kehat 
and Molkentin, 2010). And the prognosis is mostly poor once 
the cardiac hypertrophy develops into heart failure (Liu et  al., 
2019). Unfortunately, the conventional medical therapeutic 
options for diabetes and obesity, consisting of lowering blood 
glucose, reversing inflammation, reducing oxidative stress, and 
gene therapy (Dillmann, 2019; Li and Zhou, 2020), are insufficient 
(Affinati et  al., 2019). Moreover, these above options are not 
universally effective (Affinati et  al., 2019). Thus, more effective 
therapeutic options are urgently required.

Until 1995, bariatric surgery was only considered as a method 
for weight loss, but then Pories et  al. (1995) proposed that 
bariatric surgery can treat T2DM and its complications. In 
recent years, bariatric surgery has gradually become the most 
effective option for treating diabetes and obesity (Affinati et al., 
2019). Among the bariatric surgery procedures, SG has become 
one of the most used procedures (Pucci and Batterham, 2019). 
Correspondingly, the HFD-STZ-T2DM rodent model is the 
most used diabetic model because its characteristics are similar 
to human T2DM (Gheibi et  al., 2017). Thus, in this study, 
we  used this model to investigate the therapeutic effects of 
SG on diabetes-induced cardiac hypertrophy and the associated 
mechanisms. It has been reported that 12–16 weeks of diabetes 
were enough to induce cardiac hypertrophy in this model (Ti 
et  al., 2011; Huang et  al., 2019). Herein, we  found that after 
16 weeks of diabetes, the heart function was significantly damaged. 
We  added healthy controls to determine the real effect of SG 
on diabetes-induced cardiac hypertrophy, rather than only 
comparing the SG group with the SHAM group and the DM 
group. We  found that SG significantly reduced body weight, 
improved hyperglycemia, and reversed insulin resistance, although 
some rats regained FBG and body weight after SG. Furthermore, 
damaged heart function, reduced myocardial glucose uptake, 
larger area of CMs, and severer myocardial fibrosis along with 
abnormal expression of cardiac hypertrophy markers were found 
in our DM model rats. Interestingly, these effects were alleviated 
to various degrees after SG. Taken together, these results showed 
that SG alleviated diabetes-induced cardiac hypertrophy.

Diabetes-induced cardiac hypertrophy, which is one of the 
important manifestations of DCM, is an adaptive response of 
the heart to many kinds of pathological factors (Jia et al., 2018). 
Its pathological process can be  divided into three stages: the 
progressive stage, the compensatory stage, and the decompensated 
stage (Goldenberg et  al., 2019). Furthermore, it is mainly 
manifested as CM hypertrophy, myocardial fibrosis, and increased 
heart weight (Kobayashi and Liang, 2015). Herein, all the above 
parameters were significantly improved after SG. These results 
suggest that SG markedly reversed the damage of myocardial 
morphology. Notably, the heart function improved to a certain 
extent as assessed by echocardiography. These results are consistent 
Sassi et  al. (2017). The heart function recovered to a certain 
extent after the improvement in myocardial morphology, providing 
direct evidence that SG improved myocardial hypertrophy both 
in terms of morphology and function.

Myocardial glucose uptake has been reported to trigger DCM 
and diabetes-induced cardiac hypertrophy (Shao and Tian, 2015). 
Similar to the fetal heart, the hypertrophic heart has more glucose 
to fuel metabolism (Shao and Tian, 2015). The major changes 
in glucose metabolism during cardiac hypertrophy are accelerated 
glycolysis and downregulated fatty acid oxidation, which means 
that the myocardial glucose uptake may be  reduced (Kolwicz 
and Tian, 2011). Thus, we  performed a PET scan on the hearts 
of the rats, and SUV was used to evaluate the myocardial glucose 
uptake. The PET scan results showed a markedly elevated SUV 
in the SG group, but it did not reach the level of the CON 
group. These results are consistent with a previous study (Huang 
et  al., 2019). And confirming that SG significantly reverse the 
myocardial glucose uptake in diabetic and obese rats.

The MAPK signaling pathway (also known as the RAS-RAF-
MEK-ERK pathway) is widely involved in the regulation of 
transcription, differentiation, growth, apoptosis, and movement 
(Miller et  al., 2020). MAPKs mainly comprise p38 MAPKs, JNKs, 
and ERK1/2. These pathways have a cascade of phosphorylation 
events of at least three levels: a MAPKK kinase (MAPKKK), a 
MAPK kinase (MAPKK), and a MAPK (Hatzivassiliou et al., 2010). 
RAS, a small GTP-binding protein, is the first to activate MAPKKK, 
which in turn phosphorylates and activates MAPKK, which then 
activates MAPK (Cargnello and Roux, 2011). MAPK activation 
mainly depends on phosphorylation of both threonine and tyrosine 
residues (Cargnello and Roux, 2011). The MAPK signaling pathways 
have been demonstrated to promote the development of pathological 
cardiac hypertrophy by regulating cell proliferation, differentiation, 
apoptosis, growth, and metabolism (Liu and Molkentin, 2016; Liao 
et  al., 2019). Particularly, ERK1/2 plays a key role in pathological 
cardiac hypertrophy (Lu et  al., 2019), because it has been shown 
to significantly regulate individual CM growth, cardiac dilation, 
and eccentric growth of the heart (Liu and Molkentin, 2016). Cao 
et  al. (2020) have also reported that excessive ERK1/2 activation 
induced cardiac hypertrophy. A previous study has reported that 
almost all MAPKs are activated in pathological cardiac hypertrophy 
(Toischer et  al., 2010), and this phenomenon was confirmed in 
this study. Interestingly, the expression of phosphorylated p38, JNK, 
and ERK1/2 was significantly reduced after SG. This result suggests 
that SG ameliorated diabetes-induced cardiac hypertrophy may 
be  associated with the inhibition of MAPK signaling pathways.

DUSPs, which are MAPK phosphatases, can specifically 
dephosphorylate MAPKs at both the threonine and tyrosine 
residues (Liu and Molkentin, 2016). So far, multiple studies have 
demonstrated that DUSPs inhibited MAPK signaling to improve 
cardiac hypertrophy (Bueno et  al., 2001; Auger-Messier et  al., 
2013; Liu et al., 2016). ERK1/2, the most important factor affecting 
cardiac hypertrophy, has been shown to be dephosphorylated and 
inactivated by DUSP6 (Liu and Molkentin, 2016; Ramkissoon 
et  al., 2019). However, loss of DUSP6 has no effect on p38 and 
JNK. Because no studies have explored the changes in  
DUSP6 and ERK1/2 after bariatric surgery, we  explored  
whether there is a connection between DUSP6 and ERK1/2. 
Immunohistochemistry on consecutive paraffin sections showed 
that DUSP6 and p-ERK1/2 were upregulated and downregulated, 
respectively, after SG, which is consistent with our Western blot 
results. Notably, the expression of DUSP6 and p-ERK1/2 exhibit 
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opposite tendencies. These results suggest that DUSP6 ameliorated 
diabetes-induced cardiac hypertrophy by dephosphorylating ERK1/2, 
which is consistent with a previous study (Gallo et  al., 2019). 
These results indicated that SG alleviated diabetes-induced cardiac 
hypertrophy correlated with the upregulation of DUSP6.

However, there are several limitations to our study. Even though 
bariatric surgery has an excellent effect on blood glucose and 
body weight, in the long term, in some patients the blood glucose 
and body weight return to pre-bariatric surgery levels (Seki et  al., 
2017). Which leads to the state of the diabetes-induced cardiac 
hypertrophy after the blood glucose and body weight increase 
again is still unknown. Therefore, we need to increase the follow-up 
time in the next study and discuss the long-term ameliorating 
effect of SG on diabetes-induced cardiac hypertrophy. Additionally, 
it is unclear whether the SG-induced improvement in diabetes-
induced cardiac hypertrophy depends on blood glucose or weight 
loss. Although we  think that the amelioration of the diabetes-
induced cardiac hypertrophy depends on improvement in blood 
glucose and body weight, the exact mechanism remains to be further 
studied. Finally, to further reveal the SG mechanism in the treatment 
of diabetes-induced cardiac hypertrophy, we  need to investigate 
the effects of other DUSP isoforms on MAPKs other than ERK1/2 

in vivo and in vitro. We ultimately hope to provide a new strategy 
for the treatment of diabetes-induced cardiac hypertrophy to reduce 
the mortality of diabetic patients caused by DCM.

In conclusion, as a common complication of diabetes, DCM 
significantly increases the incidence of heart failure in patients 
with diabetes, thereby severely affecting their life. However, the 
important pathological manifestation of DCM, cardiac hypertrophy, 
lacks effective treatment. Our study revealed that diabetes-induced 
cardiac hypertrophy significantly increased myocardial fibrosis, 
promoted CM hypertrophy, destroyed the normal myocardial 
structure, reduced myocardial glucose uptake, and ultimately 
affected the heart function. Furthermore, the MAPK signaling 
pathway was activated in diabetes-induced cardiac hypertrophy. 
Interestingly, all these pathological changes were reversed by 
SG. Namely, SG attenuated diabetes-induced cardiac hypertrophy 
correlated with the inhibition of MAPK signaling pathway, 
particularly, the dephosphorylation of ERK1/2 (Figure  7). In 
brief, we  believe that our study helps resolve some of the 
challenges of the therapeutic options for DCM, especially diabetes-
induced cardiac hypertrophy. Namely, the activation of the MAPK 
signaling pathways in patients with diabetes-induced cardiac 
hypertrophy may be  a potential target for therapy.
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FIGURE 7 | Diagram of possible mechanism of SG improving diabetes-
induced cardiac hypertrophy. In diabetes, overactivation of MAPK signaling 
pathway induces cardiac hypertrophy and heart dysfunction through 
promoting cell transcription, differentiation, apoptosis, and growth. The 
inhibition of MAPK signaling pathway is associated with the amelioration of 
diabetes-induced cardiac hypertrophy by SG. And the dephosphorylation of 
ERK1/2 by DUSP6 may play a vital role in this possible mechanism.
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Background: This study explored the influences of electroacupuncture combined with
dietary intervention on the intestinal flora in perimenopausal patients with abdominal
obesity by using the 16s rRNA sequencing technology.

Methods: Perimenopausal patients with abdominal obesity were divided into the
Electroacupuncture group and the Control group. Patients in the Control group received
healthy lifestyle education, while those in the Electroacupuncture group received
electroacupuncture combined with dietary intervention. Before and after treatment, the
weight, height, waist circumference, hip circumference, waist-height ratio (WHtR), waist
to hip ratio (WHR), and body mass index (BMI) of the patients were recorded; the levels
of serum triglyceride (TG), total cholesterol (TC), low-density lipoprotein (LDL), high-
density lipoprotein cholesterol (HDL-C), fasting insulin (FINS), and fasting blood glucose
(FGB) were evaluated; and the abundance, diversity, and species differences of intestinal
flora were analyzed using 16s rRNA sequencing technology.

Results: The body weight, waist circumference, hip circumference, BMI, WHR, and
WHtR of patients in the Electroacupuncture group after treatment were lower than those
before treatment. Compared with the Control group, patients in the Electroacupuncture
group after treatment displayed lower waist circumference, WHtR, WHR, TG, and
LDL levels as well as species abundance, higher species diversity, and lager species
difference in the intestinal flora. Besides, the proportions of Klebsiella and Kosakonia
in the intestinal flora of patients in the Electroacupuncture group after treatment were
larger than those before treatment.

Conclusion: Electroacupuncture combined with diet treatment generated a therapeutic
effect on abdominal obesity in perimenopausal patients by improving the community
structure of intestinal flora.

Keywords: abdominal obesity, perimenopausal syndrome, 16S rRNA, intestinal flora, electroacupuncture
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INTRODUCTION

With the improvement of people’s living standards and the
changes in dietary structure and environment, the number of
obese people has maintained an upward trend (Vandevijvere
et al., 2015; González-Muniesa et al., 2017; Mohammadbeigi
et al., 2018). Obesity induced by the excessive accumulation
of adipose tissue in the abdominal cavity and around the
mesentery is defined as abdominal obesity, also termed central
obesity (Smith, 2015). Perimenopausal women are prone
to suffer from abdominal obesity due to decreased ovarian
function, slowed metabolism, reduced exercise, osteoporosis,
and overnutrition (Keller et al., 2010; Łokieć et al., 2016). In
addition, abdominal obesity may further lead to hypertension,
hyperlipidemia, coronary heart disease, type 2 diabetes,
cholecystitis, cholelithiasis, and rectal cancer, thereby seriously
threatening human health (Smith, 2015; Hu et al., 2017).

The routine treatments for obesity normally are dietary
intervention and hypoglycemic drugs, which also provide certain
references for perimenopausal women with abdominal obesity
(Mastorakos et al., 2010; Bronczyk-Puzon et al., 2015; Ruban
et al., 2019). In the treatment of obese patients, pharmacotherapy
cannot usually be used alone or as a first-line method (Samat
et al., 2008; Tauqeer et al., 2018). In comparison, dietary
intervention has proved to be a healthy and effective way to lose
weight, but it needs long-term persistence. Accumulating studies
have indicated that electroacupuncture can treat abdominal
obesity safely and effectively, mainly by stimulating the body’s
meridians and acupoints, improving body condition as a whole,
regulating intake and enhancing body metabolism, so as to
achieve the purpose of weight loss and waist thinning (Wang
et al., 2008; Lei et al., 2017; Chen et al., 2018; Luo et al.,
2018; Huang et al., 2019; Zhang et al., 2019). However, the
effect mechanism of electroacupuncture on abdominal obesity in
perimenopausal women is still dearth of in-depth exploration.

The prevalence of abdominal obesity has raised people’s
curiosity of finding the balance factors that affect the occurrence
and development of this disease (González-Muniesa et al.,
2017). The relationship between intestinal flora and abdominal
obesity has gradually become a research hotspot with increasing
attention from scholars at home and abroad (Malamut, 2007;
Gao X. et al., 2018). The human intestinal flora is a complex
ecosystem constituted by bacteria, archaea, yeasts, and fibrous
fungi that reside in the intestinal tract (Gao Y. et al., 2018).
It is estimated that the adult gastrointestinal tract contains at
least 1,000 different microorganisms with a total number of
more than 100 trillion, 10 times more than the total number
of human cells, and the stability, diversity, and quantity of
the intestinal flora vary in different races (Ma and Wu, 2017;
Sebastián Domingo and Sánchez Sánchez, 2018). Changes in
the diversity and composition of the intestinal flora are closely
related to diseases including obesity and behavioral disorders.
Studies also proved that drug treatment of obesity can be
realized by improving intestinal flora dysfunction (Li et al.,
2020); however, whether the effect of electroacupuncture on
abdominal obesity is associated with the regulation of flora
dysfunction is unknown.

Considering that the 16s rRNA high-throughput sequencing
technology is the main and cutting-edge method for
microorganism analysis (Gao X. et al., 2018), we, in this
study, attempted to explore the effect of electroacupuncture
combined with dietary intervention on the intestinal
flora in perimenopausal patients with abdominal obesity.
Anthropometric measures are simple, non-invasive tools that
can be used for the diagnosis and assessment of obesity (Gazarova
et al., 2019). Currently, the most widely used indexes are body
mass index (BMI), waist circumference (WC), waist-to-hip
ratio (WHR), waist-height ratio (WHtR), etc. (Gazarova et al.,
2019). In addition, obesity can easily cause metabolic disorders
such as glucose and lipids (Jablonowska-Lietz et al., 2017).
Therefore, the relevant serum indexes that are also pivotal
for assessing obesity are tested, including serum triglyceride
(TG), total cholesterol (TC), low-density lipoprotein (LDL),
high-density lipoprotein cholesterol (HDL-C), and insulin
resistance (HOMA-IR) (Jablonowska-Lietz et al., 2017). In this
study, we also tried to explore the effect of electroacupuncture
combined with dietary intervention on the intestinal flora in
perimenopausal patients with abdominal obesity by studying the
changes in the above-mentioned related indicators.

MATERIALS AND METHODS

Ethics Statement
The study has been approved by the Ethics Committee of
Zhejiang Hospital [No. 2018 (9K)] and all patients signed the
written informed consent.

Patient Population
A total of 73 perimenopausal patients with abdominal obesity
who received treatment in the Acupuncture Department of
Zhejiang Hospital from December 2017 to January 2019 were
recruited in this study. The diagnostic criteria for perimenopausal
period were formulated according to the chapter of “Menopausal
Syndrome” in the 8th edition of “Obstetrics and Gynecology,”
combined with “Chinese Obstetrics and Gynecology.” The details
are as follows: (1) 40–60 years old; (2) Clinical manifestations
of menstrual disorders for more than 3 months, or amenorrhea
within a year, etc.; (3) One or more of the following possible
related symptoms, such as typical symptoms of unstable
vasomotor function, psychoneurological symptoms (anxiety,
tension, depression, irritability, etc.), physical symptoms (dry
skin, muscle, and bone pain, etc.) and symptoms of urogenital
atrophy (vaginal dryness, pain during intercourse, leakage of
urine, repeated urinary tract infections, etc.); (4) Imaging
examination to exclude organic diseases such as uterus and
ovaries. The standards for abdominal obesity were formulated
with reference to the “Guidelines for the Prevention and
Control of Overweight and Obesity in Chinese Adults”: waist
circumference ≥ 80 cm, and (or) WHtR ≥ 0.50, and (or)
WHR ≥ 0.78. The general information of the patients including
age and height was recorded (Table 1).

The inclusion criteria of patients in this study were as follows:
(1) patients were diagnosed with perimenopausal and abdominal
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TABLE 1 | Comparison of age and height between the two groups of patients.

Groups Cases Age (year) Height (cm)

Electroacupuncture 37 49.90 ± 4.6 159.02 ± 2.9

Control 36 51.50 ± 4.4 157.35 ± 5.3

obesity; (2) patients had not received weight-loss treatment in the
past 3 months. The exclusion criteria of patients in this study
were as follows: (1) patients with secondary obesity caused by
hypothalamic syndrome, pituitary tumor, Cushing’s syndrome,
hypothyroidism, insulinoma, or polycystic ovary syndrome;
(2) patients who were diagnosed with uterine or ovarian
malformations, have undergone uterine or ovarian resection,
or in pregnancy or breastfeeding; (3) patients with severe
diseases such as hyperthyroidism, diabetes, psychosis, malignant
tumors, heart, liver, and kidney diseases, and hematopoietic
system diseases.

Study Design
The patients were randomly divided into two groups: the
Control group (n = 36) and the Electroacupuncture group
(n = 37). The patients in the Control group received healthy
lifestyle education, while those in the Electroacupuncture group
received electroacupuncture treatment combined with dietary
intervention for 8 weeks. Before and after treatment, the
stool and blood of the patients were collected for subsequent
analyses, and the weight, height, waist circumference and hip
circumference of the patients were recorded to calculate waist-
height ratio (WHtR), waist to hip ratio (WHR), and body
mass index (BMI). Here, the method of measuring waist
circumference recommended by the World Health Organization
is adopted: the subject takes off his shoes, hat and coat, fasts,
and stands upright, with feet being separated by 25–30 cm. The
measurement position is at the midpoint of the line between the
horizontal anterior superior iliac crest and the inferior edge of
the twelfth rib.

Electroacupuncture Treatment
The main acupuncture meridians are Renmai, Stomach, Spleen,
and Bladder Meridians. The acupoints are Zhongwan, Qihai,
Guanyuan, Tianshu, Daheng, Pishu, Shenshu, and Dachangshu.
The acupoint combinations in the study were as follows:
Sanyinjiao and Inner Court were combined for the patients
who belonged to the gastric-heat stagnation type; Yinlingquan
and Fenglong were combined for the patients who pertained to
the phlegm dampness Neisheng type; Hegu and Taichong were
combined for the patients who appeared liver stagnation; Zusanli
and Taibai were combined for the patients with spleen deficiency;
and Mingmen and Shenmai were combined for the patients who
presented symptoms of spleen and kidney yang.

Regarding the treatment, 0.25 mm × 40 mm (190,030)
and 0.30 mm × 50 mm (190,185) disposable acupuncture
needles (Huatuo, Suzhou, China) as well as an SDZ-V
electronic acupuncture instrument (Huatuo, Suzhou, China)
were employed. 1.5 inch acupuncture needles were used at the
Backshu acupoints and four-limb acupoints. For the Backshu

acupoints, the needle was inserted obliquely at 45◦ into the
spine at 1-inch depth, while for the four-limb acupoints, the
needle was inserted straight at 0.8–1.0-inch depth (0.3–0.5-inch
depth for Taibai, Taichong, and Neiting). 2.0 inch acupuncture
needles were inserted at the acupoints on the abdomen at 2-inch
depth. Electroacupuncture was applied to Tianshu, Abdomen Jie,
Daheng, and Meridian, and the waveform was a dense wave with
a frequency of 2/100Hz. The needle was retained for 30 min. The
acupuncture acupoints without electroacupuncture treatment
were slightly lifted and twisted3 times every 10 min. Patients
in the Electroacupuncture group received electroacupuncture
treatment every 2 days (3 times a week) for 8 weeks.

Dietary Intervention
Patients in the Electroacupuncture group were given a strict low-
sugar, low-fat, low-salt, and high-fiber diet. The diet contained
staple foods, meat, and vegetables (each accounting for one
third of the total dietary ingestion), fruits, and vegetables (no
less than 250 g), and mineral supplements. Besides, the patients
drunk 2,000–2,500 ml of water and no more than 20 g of
liqueur, ingested less than 6 g of salt per day, and only ate
fish products twice a week. Here, dietary intervention was
implemented on the basis of menopausal health management
strategies (Zhang, 2015).

Analysis of Physical Indexes
Before and after treatment, the weight (kg), height (cm),
waist circumference (cm), and hip circumference (cm) of the
patients were recorded. Then WHtR, WHR, and BMI were
calculated using the following formulae: WHtR = waist/height;
WHR = waist/hip; BMI = weight/height2.

Analysis of Serum Indexes
Before and after treatment, the serum of all the patients
was analyzed using an Automatic biochemical analyzer (BS-
280; mindray, Shenzhen, China) to evaluate the levels of
serum triglyceride (TG), total cholesterol (TC), low-density
lipoprotein (LDL), high-density lipoprotein cholesterol
(HDL-C), fasting insulin (FINS), and fasting blood glucose
(FBG). Besides, Homeostasis Model Assessment-insulin
resistance (HOMA-IR) was calculated according to the formula:
HOMA-IR = FBG× FINS/22.5.

Analysis of Intestinal Flora
The intestinal flora in the patients was detected by 16s rRNA
sequencing technology according to the previous publication (Di
Segni et al., 2018). In brief, after the stool samples were collected,
the RNA in the samples was extracted and subsequently subjected
to polymerase chain reaction (PCR) (16s rRNA forward primer:
5′-GTGCCAGCMGCCGCGG-3′; 16s rRNA reversed primer: 5′-
CCGTCAATTCMTTTRAGTTT-3′). Then the PCR product was
harvested and sequenced through Illumina system. Meantime,
the Clean Tags of the PCR product were obtained for the
Operational Taxonomic Units (OTU) analysis.

In line with the clustering results of OTU, the representative
sequence of each OTU was annotated to obtain the
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corresponding species annotation information and species
abundance distribution. Then, the species abundance in the
sample and the species differences between samples were
obtained through the visual statistical analysis of OTUs, and
the Venn and Partial Least Squares Discrimination Analysis
(PLS-DA) diagrams were plotted. Next, the information was
subjected to Alpha diversity analysis to acquire the community
structure information with differences in the sample. The Linear
discriminant analysis (LDA) effect size (LEfSe) statistical analysis
was applied to further investigate the differences in community
structure among samples, and to identify different species via
testing the species composition and community results of the
grouped samples.

Statistical Analysis
All data involved in this study except for those from intestinal
flora analysis were tested the normality of the variable
distribution and analyzed by student’s t-test. Statistical data
were presented as mean ± standard deviation. The data were
recognized as statistically significant when P < 0.05. These
analyses were performed under SPSS 20.0 software.

RESULTS

Electroacupuncture Combined With Diet
Treatment Ameliorated the Physical
Indexes of Patients
Given that there was no statistical difference in the general
information (cases, age, and height) (Table 1) of the two groups
of patients, the patients in the two groups received different
treatments. The physical indexes (weight, waist circumference,
hip circumference, WHtR, WHR, and BMI) (Table 2) of patients
in the two groups before and after treatment were documented.
As shown in Table 2, in the Electroacupuncture group, the weight
(P < 0.01), waist circumference (P < 0.01), hip circumference

TABLE 2 | Comparison of physical indexes between two groups of patients before
and after the treatment.

Physical index Group Before After

Weight (kg) Electroacupuncture 61.56 ± 7.90 59.64 ± 7.27MM

Control 60.03 ± 6.06 60.03 ± 5.89

Waist
circumference (cm)

Electroacupuncture 88.77 ± 6.47 84.81 ± 6.17∗∗MM

Control 88.22 ± 5.07 89.92 ± 5.66MM

Hips (cm) Electroacupuncture 96.70 ± 5.00 93.50 ± 4.42MM

Control 95.00 ± 4.88 95.36 ± 4.65

BMI (kg·m−2) Electroacupuncture 24.33 ± 2.95 23.58 ± 2.76MM

Control 24.45 ± 2.41 24.21 ± 1.91

WHtR Electroacupuncture 0.558 ± 0.041 0.534 ± 0.040∗∗MM

Control 0.566 ± 0.029 0.567 ± 0.036

WHR Electroacupuncture 0.918 ± 0.038 0.907 ± 0.041∗∗MM

Control 0.931 ± 0.050 0.943 ± 0.039MM

∗∗P < 0.01, vs. Control; MMP < 0.01, vs. Before. Hips, hip circumference; BMI,
body mass index; WHtR, waist-height ratio; WHR, waist-to-hip ratio.

(P < 0.01), BMI (P < 0.01), WHtR (P < 0.01), and WHR
(P < 0.01) of the patients were decreased after treatment
when compared with those before treatment, while the patients
in the Control group after treatment showed a larger waist
circumference (P < 0.01) and a higher WHR (P < 0.01)
than before treatment. Additionally, the waist circumference
(P < 0.01), WHtR (P < 0.01), and WHR (P < 0.01) of patients
in the Electroacupuncture group were notably lower than those
in the Control group, which indicated that electroacupuncture
combined with diet treatment might ameliorate abdominal
obesity in perimenopausal patients.

Electroacupuncture Combined With Diet
Treatment Refined the Serum Indexes of
Patients
Then the levels of TG, TC, LDL, HDL-C, FINS, FBG, and
HOMA-IR of the patients in the two groups before and after
treatment were evaluated. As illustrated in Table 3, in the Control
group, the LDL level of patients after treatment was elevated
(P < 0.05) as compared with that before treatment. Moreover,
the TG (P < 0.01) and LDL levels (P < 0.01) of patients in
the Electroacupuncture group were markedly lower than those
in the Control group, which proved that electroacupuncture
combined with diet treatment ameliorated the TG and LDL levels
of perimenopausal patients with abdominal obesity.

Electroacupuncture Combined With Diet
Treatment Regulated the OTU Number of
the Intestinal Flora in Patients
During the analysis of intestinal flora, the information in the
Electroacupuncture group before and after treatment was named
Z1 team and Z2 team, respectively, and the information in the

TABLE 3 | Comparison of serum indexes between two groups of patients before
and after the treatment.

Serum index Group Before After

TG (mmol·L−1) Electroacupuncture 1.62 ± 1.12 1.62 ± 0.85

Control 1.40 ± 0.49 1.61 ± 0.67

TC (mmol·L−1) Electroacupuncture 4.97 ± 0.91 4.80 ± 0.70∗∗

Control 5.14 ± 1.25 5.25 ± 0.86

LDL (mmol·L−1) Electroacupuncture 3.05 ± 0.82 2.98 ± 0.65∗∗

Control 3.16 ± 1.11 3.49 ± 0.69M

HDL-C (mmol·L−1) Electroacupuncture 1.27 ± 0.17 1.28 ± 0.25

Control 1.31 ± 0.21 1.35 ± 0.30

FINS (pmol·L−1) Electroacupuncture 60.48 ± 33.01 56.35 ± 30.22

Control 56.77 ± 30.85 60.55 ± 18.68

HOMA-IR Electroacupuncture 14.63 ± 8.65 12.89 ± 6.68

Control 16.28 ± 16.47 12.83 ± 4.77

FBG (mmol·L−1) Electroacupuncture 5.41 ± 0.81 5.06 ± 0.55

Control 5.09 ± 0.42 5.02 ± 0.41

∗∗P < 0.01, vs. Control; MP < 0.05, vs. Before. TG, serum triglyceride; TC,
total cholesterol; LDL, low-density lipoprotein; HDL-C, high-density lipoprotein
cholesterol; FINS, fasting insulin; FBG, fasting blood glucose; HOMA-IR,
Homeostasis Model Assessment-insulin resistance.
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FIGURE 1 | OTU numbers of intestinal flora in the patients in the
Electroacupuncture group before and after treatment (Z1, the
Electroacupuncture group before treatment; Z2, the Electroacupuncture
group after treatment; D1, the Control group before treatment; D2: the Control
group after treatment).

Control group before and after treatment was called D1 team
and D2 team, respectively. As depicted in Figure 1, in the
Electroacupuncture group, the number of OTUs that existed both
before and after treatment was 579, and that of specific OTUs
was reduced from 111 to 53 after treatment. Meanwhile, in the
Control group (Figure 2), the number of OTUs that existed both
before and after treatment was 775, and that of specific OTUs was
decreased to 64 after treatment. These discoveries indicated that
electroacupuncture combined with diet treatment decreased the
abundance of the intestinal flora in the patients.

In addition, according to the PLS-DA analysis based on OTU
determination (Figure 3), the samples belonging to the same
group (the Electroacupuncture group or the Control group) in
each team (Z1 and Z2, or D1 and D2) were almost identical to
each other; the structure site of the flora sample in each team
was relatively low; the distance between the samples of team Z
(the Electroacupuncture group) and team D (the Control group)
was far; and the difference in bacterial community structure
between the two groups was relatively significant. All these results
verified that the grouping results were reasonable, accompanied
by satisfactory efficiency of the classification model.

Electroacupuncture Combined With Diet
Treatment Modulated the Phylum and
Genus Levels of Intestinal Flora in
Patients
The phylum-level and genus-level changes of the intestinal
flora in patients before and after treatment were exhibited
in Figures 4, 5, respectively. As delineated in Figure 4 and
Table 4, at the phylum level, the most abundant flora in both
groups before (D1 and Z1) and after (D2 and Z2) treatment
were Firmicutes, Bacteroidetes, and Proteobacteria. However,
difference appeared at the genus-level, as shown in Figure 5 and
Table 5. Although the most dominant flora in both groups before
(D1 and Z1) and after (D2 and Z2) treatment were Bacteroides,
Prevotella, Faecalibacterium, and Roseburia, the Enterococcus
level was decreased (P < 0.05) and the Enterobacter level was
increased in Z2 group, when compared with the Z1 group

FIGURE 2 | OTU numbers of intestinal flora in the patients in the Control
group before and after treatment (Z1, the Electroacupuncture group before
treatment; Z2, the Electroacupuncture group after treatment; D1, the Control
group before treatment; D2, the Control group after treatment).

FIGURE 3 | The PLS-DA analysis of OTU determination in the
Electroacupuncture group and the Control group (Z1, the Electroacupuncture
group before treatment; Z2, the Electroacupuncture group after treatment; D1,
the Control group before treatment; D2, the Control group after treatment).

(P < 0.05), while the Blautia level was lessened (P < 0.05) and the
Enterobacter level was augmented in D2 group, when compared
with the D1 group (P < 0.05).

Electroacupuncture Combined With Diet
Treatment Regulated the Alpha Diversity
of Intestinal Flora in Patients
The Alpha diversity of intestinal flora was evaluated. As shown
in Figure 6 and Table 6, although there was no statistically
difference between Z1 and Z2 groups, the observed species, chao,
ace, and shannon indexes in the Electroacupuncture group after
treatment (Z2) showed an upward trend, while the simpson
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FIGURE 4 | Phylum-level changes of intestinal flora in the patients in the Electroacupuncture group and the Control group (Z1, the Electroacupuncture group before
treatment; Z2, the Electroacupuncture group after treatment; D1, the Control group before treatment; D2, the Control group after treatment).

index presented a downward trend, signifying that the species
abundance in the Electroacupuncture group after treatment was
on the rise. Meanwhile, despite no statistically difference between
D1 and D2 groups, the same observed indexes as above in
D2 group showed a downward trend, while the simpson index
was on the contrary, manifesting that the species abundance in
the Control group was inhibited. These results indicated that
electroacupuncture combined with diet treatment improved the
species diversity of intestinal flora in patients.

Electroacupuncture Combined With Diet
Treatment Regulated the Species
Differences of Intestinal Flora in Patients
The species difference of intestinal flora in the
Electroacupuncture group was analyzed. As profiled in Figure 7,
the abundance of Enterococcus, Enterococcaceae, Escherichia,

Enterobacteriaceae, and Enterobacteriales was reduced yet that
of Klebsiella and Kosakonia was enhanced after treatment,
which demonstrated that electroacupuncture combined with diet
treatment increased the species differences of intestinal flora in
patients, and Klebsiella and Kosakonia were instrumental in the
treatment of abdominal obesity in perimenopausal patients.

DISCUSSION

More and more researches have proved that acupuncture
can safely and effectively treat abdominal obesity, mainly by
stimulating the body’s meridians and acupoints, improving
body condition as a whole, regulating intake, and enhancing
body metabolism (Zhang et al., 2019). Acupuncture meridians
such as the spleen, stomach, liver, and kidney can warm
the kidney and strengthen the spleen, soothe the liver and
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FIGURE 5 | Genus-level changes of intestinal flora in the patients in the Electroacupuncture group and the Control group. (Z1, the Electroacupuncture group before
treatment; Z2, the Electroacupuncture group after treatment; D1, the Control group before treatment; D2, the Control group after treatment).

TABLE 4 | Comparison of Phylum level between two groups of patients before
and after treatment (x ± s).

Phylum levels Groups Before After

Firmicutes Electroacupuncture 49.12 ± 11.58 55.76 ± 15.76

Control 50.16 ± 18.44 47.72 ± 21.38

Bacteroidetes Electroacupuncture 47.64 ± 12.24 44.29 ± 15.51

Control 39.85 ± 20.12 42.02 ± 22.34

Proteobacteria Electroacupuncture 3.12 ± 2.36 3.60 ± 3.53

Control 5.45 ± 6.42 6.42 ± 14.70

regulate the qi, adjust the function of the internal organs,
enhance metabolism, smooth the blood flow, and invigorate
the blood of the five internal organs, thereby fulfilling the
purpose of weight loss and waist thinning (Wang et al., 2008;
Lei et al., 2017; Chen et al., 2018; Luo et al., 2018; Huang et al.,

2019; Zhang et al., 2019). In this study, to confirm the effect
of electroacupuncture combined with dietary intervention on
abdominal obesity, the physical indexes of patients were first
detected after treatment. We discovered that electroacupuncture
combined with diet treatment reduced the weight, waist
circumference, hip circumference, BMI, WHtR, and WHR of
the patients when compared with those before treatment, and
besides, the combined treatment of electroacupuncture and diet
reduced the waist circumference, WHtR, and WHR of patients
as compared to patients receiving healthy lifestyle education,
which connoted that electroacupuncture combined with diet
treatment was feasible in ameliorating abdominal obesity in
perimenopausal patients.

In addition to the physical indexes, there are also a series
of serum indexes which are closely related to the glycolipid
metabolism of obesity patients. TG and TC are two important
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TABLE 5 | Comparison of genus level between two groups of patients before and
after treatment (x ± s).

Genus levels Groups Before After

Bacteroides Electroacupuncture 35.06 ± 14.17 34.71 ± 15.15

Control 22.99 ± 19.18 24.63 ± 20.25

Prevotella Electroacupuncture 7.74 ± 16.81 4.65 ± 11.86

Control 13.14 ± 22.24 13.35 ± 22.43

Faecalibacterium Electroacupuncture 15.66 ± 9.04 14.18 ± 10.63

Control 11.79 ± 7.38 13.35 ± 12.35

Roseburia Electroacupuncture 4.57 ± 3.43 7.61 ± 7.23

Control 4.70 ± 4.14 3.76 ± 3.43

Blautia Electroacupuncture 2.51 ± 2.98 2.26 ± 1.75

Control 2.98 ± 2.60 1.41 ± 1.521

Enterobacter Electroacupuncture 0.16 ± 0.24 0.17 ± 0.501

Control 0.33 ± 0.55 0.75 ± 2.671

Enterobacter Electroacupuncture 0.005 ± 0.01 0.0001 ± 0.00051

Control 0.18 ± 0.70 0.02 ± 0.08

1P < 0.05, vs. Before.

factors in the glycolipid metabolism, which both display higher
levels in obesity patients than in healthy people (Wiesner and
Watson, 2017). Furthermore, LDL, a small-diameter lipoprotein,
is the main transfer tool in the process of cholesterol transport.
Abnormal LDL level is indicative of dyslipidemia, one of the

symptoms of obese patients (Howard et al., 2003; Chan et al.,
2004; Klop et al., 2013). A study found that electroacupuncture
reduced the serum TC, TG, and LDL levels in obese women
(Cabioglu and Ergene, 2005), and the same downtrend was
discovered in this study when applied electroacupuncture
combined with diet treatment to patients, which further verified
that electroacupuncture combined with diet treatment had the
ability to alleviate abdominal obesity in perimenopausal patients
through regulating the serum levels of TG, TC, and LDL.

As one of the complex ecosystems in the gastrointestinal tract,
the intestinal flora is related to metabolism-related diseases and
multi-system diseases (Di Segni et al., 2018). Acupuncture was
proved to alleviate obesity-related lipid metabolism disorders
and intestinal microbiota disorders (Gao et al., 2020; Xie
et al., 2020). For example, electroacupuncture promoted the
diversity of the gut microbiota of obese mice, thus reducing
body weight (Dou et al., 2020). Si et al. (2018) found that the
structure of the intestinal flora of animals in the acupuncture
group was gradually similar to those in the healthy control
group. Therefore, we then focused on investigating whether the
effect of electroacupuncture on abdominal obesity was realized
by regulating the community structure of the intestinal flora
in the patients.

The high-throughput sequencing technology has been widely
used in microbiome analysis, because it allows scholars to
sequence millions of DNA molecules simultaneously and

FIGURE 6 | Alpha diversity of intestinal flora in the patients in the Electroacupuncture group and the Control group (Z1, the Electroacupuncture group before
treatment; Z2, the Electroacupuncture group after treatment; D1, the Control group before treatment; D2, the Control group after treatment).
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TABLE 6 | Comparison of Alpha diversity between two groups of patients before
and after treatment (x ± s).

Genus levels Groups Before After

Observed species Electroacupuncture 221.19 ± 68.04 251.77 ± 92.71

Control 247.18 ± 55.98 246.85 ± 95.28

Chao Electroacupuncture 271.37 ± 81.44 295.04 ± 94.56

Control 301.97 ± 65.14 286.79 ± 102.80

Ace Electroacupuncture 266.67 ± 70.47 295.53 ± 94.38

Control 302.49 ± 61.10 290.10 ± 95.63

Shannon Electroacupuncture 3.33 ± 0.38 3.51 ± 0.74

Control 3.40 ± 0.42 3.21 ± 0.74

Simpson Electroacupuncture 0.08 ± 0.03 0.07 ± 0.10

Control 0.08 ± 0.05 0.17 ± 0.08

provides a data pool to cover the entire microbiome in the
gut (Gao X. et al., 2018). On the flip side, the gene encoding
16s rRNA is the most commonly used target for studying
bacterial evolution and classification (Gao X. et al., 2018;
Li et al., 2020). Hence, in the present study, we used 16s
rRNA sequencing technology to analyze the information of

the intestinal flora in the patients before and after treatment.
The previous study has discovered higher species abundance,
lower species diversity, and smaller species differences of the
intestinal flora in obese patients (Malamut, 2007; Yazigi et al.,
2008; Gao X. et al., 2018; Li et al., 2020). Based on the OTU
corresponding species annotation, Alpha diversity, and LEfSe
analyses, we for the first time unveiled that electroacupuncture
combined with diet treatment lessened the species abundance,
and increased the species diversity and differences of intestinal
flora in perimenopausal patients with abdominal obesity. Most
notably, after electroacupuncture combined with diet treatment,
Klebsiella and Kosakonia in patients were increased. Recent
research has reported that during the antibiotic treatment
of obesity mice, Klebsiella is increased to inhibit the body
weight gain (Yao et al., 2020). Therefore, in this research,
the role of electroacupuncture combined with diet treatment
in perimenopausal patients with abdominal obesity might be
realized by improving the community structure of intestinal flora
and increasing Klebsiella and Kosakonia.

Taken together, electroacupuncture combined with diet
treatment exerted a therapeutic effect on perimenopausal patients
with abdominal obesity through improving the community

FIGURE 7 | Species differences of intestinal flora in the patients in the Electroacupuncture group and the Control group (Z1, the Electroacupuncture group before
treatment; Z2, the Electroacupuncture group after treatment; D1, the Control group before treatment; D2, the Control group after treatment).
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structure of intestinal flora. Nevertheless, what failed to be
underscored in our study is the design of separate dietary
intervention group, that is, the same diet restriction was
performed without electroacupuncture, which may be further
explored in future studies. Consumption patterns may affect
obesity, which may be another aspect that we need to pay
attention to in future research.
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Diabetic cardiomyopathy (DCM) is characterized by impaired diastolic and systolic
myocardial performance and is a major cause of morbidity and mortality in patients
with diabetes. Surgical bariatric procedures, such as sleeve gastrectomy (SG), result
in remission of type 2 diabetes (T2DM) and have benefits with myocardial function.
Maintaining cardiac mitochondrial homeostasis is a promising therapeutic strategy for
DCM. However, whether SG surgery affects mitochondrial function and its underlying
mechanism remains unclear. This study aimed to investigate the effect of SG surgery
on mitochondrial homeostasis and intracellular oxidative stress in rats with DCM.
We also examined cellular phenotypes and molecular mechanisms in high glucose
and high fat-stimulated myocytes. The rat model of DCM was established by high-
fat diet feeding and low-dose streptozotocin injection. We observed a remarkably
metabolic benefit of SG, including a reduced body weight, food intake, blood
glucose levels, and restored glucose tolerance and insulin sensitivity post-operatively.
Also, SG ameliorated the pathological cardiac hypertrophy, myocardial fibrosis and
the dysfunction of myocardial contraction and diastole, consequently delayed the
progression of DCM. Also, SG restored the mitochondrial dysfunction and fragmentation
through the AMPK signaling activation mediated nuclear receptor subfamily 4 group
A member 1 (NR4A1)/DRP1 suppression in vivo. H9c2 cardiomyocytes showed that
activation of AMPK could reverse the mitochondrial dysfunction somehow. Collectively,
our study provided evidence that SG surgery could alleviate mitochondrial dysfunction
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in DCM. Moreover, AMPK-activated NR4A1/DRP1 repression might act as a significant
reason for maintaining mitochondrial homeostasis in the myocardium, thus contributing
to morphological and functional alleviation of DCM.

Keywords: sleeve gastrectomy, diabetic cardiomyopathy, mitochondrial homeostasis, oxidative stress, AMPK,
NR4A1

INTRODUCTION

Diabetic cardiomyopathy (DCM) is defined as a distinct disease
entity that occurs in patients with diabetes mellitus (DM)
independent of coronary artery disease, hypertension, or valvular
heart disease (Jia et al., 2018; Tan et al., 2020). During the early
phases of diabetes, an absence of insulin or insulin resistance
initiates a metabolic alteration in cardiomyocytes, which leads
to the activation of fatty acid uptake and β-oxidation to ensure
adequate adenosine-triphosphate (ATP) generation. However,
as the disease progresses, β-oxidation cannot sufficiently
utilize all available fatty acids, resulting in intracellular lipid
collection and lipotoxicity. Increased fatty acid concentrations
subsequently result in mitochondrial dysfunction and an elevated
accumulation of reactive oxygen species (ROS) (Tan et al.,
2020). Ultimately, these pathological transformations result in
cardiomyocyte death, inflammation, and fibrotic remodeling (Jia
et al., 2018). Adenosine monophosphate-activated protein kinase
(AMPK) plays an important role in metabolic diseases (Hoffman
et al., 2015). Under DCM conditions, the activation of energy
deprivation sensors, sirtuin-1 (SIRT1) and phosphorylation of
AMPK can promote the removal of dysfunctional mitochondria
and peroxisomes to reverse the development of cardiomyopathy
(Packer, 2020a). Thus, AMPK signaling shows promising
potential as a novel target for DCM treatment.

At present, bariatric surgery, such as sleeve gastrectomy (SG),
is one of the most prevalent and valid therapies for obesity
and related metabolic disorders (Ulrich-Lai and Ryan, 2014).
Ample evidence has shown that SG leads to efficient remission
of type 2 diabetes mellitus (T2DM) and its related complications
(Mingrone et al., 2015; Rubino et al., 2016). Several studies have
revealed that SG has benefits in terms of systolic and diastolic
myocardial function in patients with DCM and in rodent
models (Leung et al., 2016; Huang et al., 2018). In addition,
bariatric surgery can facilitate Ca2+ homeostasis and attenuate
myocardial autophagy, restore myocardial glucose uptake with
myocardial glucose transporter four translocation, and activate
MAPK signaling pathway to alleviate DCM (Huang et al., 2018,
2019; Xu et al., 2021). However, it remains unclear whether SG
ameliorates DCM by maintaining mitochondrial homeostasis,
and further supporting evidence is required.

To clarify these issues, we established a DCM rat model
through high-fat-diet (HFD) administration and intraperitoneal
injection of low-dose streptozotocin (STZ), with chow diet-fed
rats serving as negative controls. SG or sham surgery was
performed to investigate the effects of SG on mitochondrial
structure and function in rats with DCM. Moreover, we
determined that AMPK signaling-mediated nuclear receptor
subfamily 4 group A member 1 (NR4A1) suppression might

induce mitochondrial homeostasis to protect cardiomyocytes
against diabetes-induced mitochondrial dysfunction and
oxidative stress. Furthermore, the metabolic phenotypes and
protective role of the AMPK pathway were examined in high
glucose (HG) and palmitate (PA)-stimulated myocytes.

MATERIALS AND METHODS

Reagents and Antibodies
D-Glucose (50-99-7) and STZ (S0130) were purchased from
Sigma, Shanghai, China. We also purchased A-769662 (HY-
50662) and 10-N-nonyl acridine orange (NAO; HY-D0993)
from MedChemExpress, Shanghai, China. A hematoxylin and
eosin staining kit (C0105S), an Oil Red O staining kit (C0158S),
an ATP detection kit (S0026), a JC-1 staining kit (C2003S),
and 2,7-dichlorodihydrofluorescein diacetate (DCFH-DA)
probes (S0033S) were purchased from Beyotime, Shanghai,
China. A diaminobezidin (DAB) staining kit (ZLI-9017) was
purchased from ZSGB-BIO, China. A Mito-Tracker staining kit,
Cambridge, United Kingdom (ab112145) was purchased from
Abcam (Cambridge, United Kingdom). A total protein extraction
kit for muscle (SA-06-MS) and a mitochondria isolation kit for
muscle tissues/cultured muscle cells (MM-038) was purchased
from Invent Biotechnologies, Beijing, China. A bicinchoninic
acid (BCA) protein assay kit (KGP902) was purchased from
KeyGEN, Jiangsu, China. TRIzol reagent (15596018) was
purchased from Invitrogen, Carlsbad, CA, United States.
A ReverTra Ace qPCR RT kit (FSQ-101) and SYBR Green
Real-time PCR Master Mix (QPK-201) were purchased from
Toyobo, Japan. The following antibodies were used: collagen
I (Affinity, AF7001), collagen III (Affinity, AF0136), NR4A1
(Proteintech, 25851-1-AP), DRP1 (Affinity, DF7037), nuclear
factor erythroid-2-related factor 2 (NRF2; Proteintech, 16396-
1-AP), heme oxygenase 1 (HO-1; Proteintech, 27282-1-AP),
CPT-1α (Proteintech, 15184-1-AP), PPARα (Proteintech, 15540-
1-AP), superoxide dismutase-2 (SOD2; Abcam, ab68155), ACC1
(Proteintech, 21923-1-AP), phosphate-ACC1 (CST, 11818),
AMPKα (CST, 5832), phosphate-AMPK (CST, 50081), SIRT1
(Proteintech, 13161-1-AP), NDUFB8 (Abcam, ab192878), SDHB
(Abcam, ab175225), UQCRC2 (Proteintech, 14742-1-AP),
MTCO1 (Abcam, ab14705), ATP5A (Proteintech, 14676-1-AP),
HSP60 (Proteintech, 15282-1-AP) and β-Tubulin (Proteintech,
10094-1-AP).

Cells Culture
The H9c2 rat embryonic cardiomyocyte line was donated by
the Key Laboratory of Cardiovascular Remolding and Function
Research of Shandong University (Jinan, China) and was
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validated by STR profiling. H9c2 cells were cultured in HG
Dulbecco’s modified Eagle’s medium (DMEM; Gibco, Shanghai,
China) supplemented with 10% (v/v) fetal bovine serum
(Gibco, Shanghai, China), 100 U/mL penicillin, and 100 mg/mL
streptomycin (KeyGEN, Jiangsu, China) at 37◦C in a 5% CO2
humidified incubator. The cells were passaged every 2–3 days
using 0.25% trypsin-EDTA for dissociation. To study the effects
of high glucose (HG) and high fat conditions on H9c2 cells
in vitro, cells were starved for 12 h and treated with 33.3 mM
D-glucose (Sigma, Shanghai, China) and 500 µM palmitate (PA,
Sigma, Shanghai, China) for 48 h. Furthermore, to determine
the role of the AMPK pathway in H9c2 cells cultured under HG
and high fat conditions, 10 µM A-769662, an AMPK activator
(MedChemExpress, Shanghai, China), was added for 48 h.

Animals
Male Wistar rats at the age of about 6 weeks were purchased
from Beijing Weitong Lihua Experimental Animal Technology
(Beijing, China) and housed in the Animal Center of Shandong
Qianfoshan Hospital affiliated to Shandong University. Rats
were raised in an environment with access to food and water
under 12-h light/dark cycle at a constant temperature of 22◦C.
After 1 week of acclimatization, rats were randomly separated
into three groups; one group was fed with conventional feed
(control), whereas the other two groups were fed an HFD (60%
of calories as fat; Xietong, Nanjing, China) for 4 weeks to
induce obesity and insulin resistance. To further establish the
DCM rat model, we intraperitoneally injected rats with STZ
(Sigma, Shanghai, China) dissolved in sodium citrate buffer
(pH 4.5; Solarbio, Beijing, China) at a dose of 35 mg/kg after
12 h fasting. One week after STZ injection, fasting blood
glucose (FBG) level exceeding 11.1 mmol/L was considered
to be indicative of successful modeling. All procedures were
approved by the Institutional Animal Care and Use Committee of
Shandong Qianfoshan Hospital affiliated to Shandong University.
All animal studies complied with relevant ethical regulations for
animal testing and research.

Surgical Procedures
The established T2DM rat models were subjected to SG
or sham surgery randomly. Briefly, rats were fed a liquid
diet with 10% Ensure (Abbott Laboratories, Abbott Park, IL,
United States) for 48 h, and they underwent fasting for
12 h before surgery. After administration of anesthesia with
isoflurane (3% isoflurane for induction and 2% isoflurane for
maintenance), SG and sham surgery were performed according
to the standard process (Cheng et al., 2019), SG was started
with a 4-cm midline abdominal incision at the xiphoid process,
after ligation and transection of the vessels of the greater
curvature, the greater curvature of the stomach from the cardia
to the pylorus was separated. Entire glandular stomach and
most of the gastric body was excised, leaving approximately
30% volume of the total stomach. Residual stomach was
interruptedly sutured with 7–0 silk and abdominal was closed
with 5–0 silk suture after careful examination. As for sham
surgery, the abdomen was incised for the exposure of the
stomach, esophagus, and small intestine. No other procedure

was performed and operative time was prolonged to induce
a comparable degree of anesthetic stress to the operated rats.
The sham surgery group was used to eliminate the effects of
surgical stress and anesthesia. After surgery, the rats were put
into separate cages, and the diet was gradually transitioned
from a liquid diet to a chow diet. Vital signs were monitored,
and surgery-related complications were closely detected. Food
intake and body weight were recorded every week. All surgical
procedures complied with relevant ethical regulations for animal
testing and research.

Oral Glucose Tolerance Test, Insulin
Tolerance Test, and Homeostasis Model
of Assessment for Insulin Resistance
Index
To assess insulin sensitivity, an oral glucose tolerance test
(OGTT) and insulin tolerance test (ITT) were performed
and homeostasis model of assessment for insulin resistance
index (HOMA-IR) was measured before surgery and 8 weeks
after surgery. Blood glucose level from the rat tail vein was
detected using a glucometer (ACCU-CHEK Performa; Roche,
Shanghai, China) at baseline and 10, 30, 60, and 120 min
after the administration of intragastric gavage of 20% glucose
(1 g/kg) for the OGTT or intraperitoneal injection of human
insulin (0.5 IU/kg) for the ITT. HOMA-IR was evaluated using
the following formula: HOMA-IR = fasting plasma glucose
(mmol/L)× fasting insulin (mIU/L)/22.5.

Assessment of Cardiac Function
To assess the cardiac function of the rats, transthoracic
echocardiography imaging was performed on 2% isoflurane-
anesthetized rats using a VEVO 3100 ultrasound machine
(VisualSonics, Toronto, ON Canada). The main parameters
included left ventricular end-diastolic diameter (LVEDd), left
ventricular ejection fraction (LVEF), fractional shortening (FS),
and early to late mitral diastolic flow ratio (E/A).

Histology and Immunohistochemistry
After the rats were sacrificed, fresh myocardial tissue samples
were fixed in formalin to prepare paraffin-embedded blocks,
which were cut into 5-µm paraffin sections for histological
analysis. The paraffin sections were stained with hematoxylin
and eosin (H&E), Masson’s trichrome, Sirius red, and wheat
germ agglutinin (WGA) to assess the standard histology,
distribution of collagen, extent of fibrosis, and morphology
of the cardiomyocyte membrane, respectively. For IHC, the
paraffin sections were sequentially subjected to dewaxing,
dehydration with gradient alcohol, microwave thermal repair
in citrate buffer (0.01 M, pH 6.0), endogenous peroxidase
blocking, and blocking in 10% goat serum in phosphate-
buffered saline. The sections were then incubated with primary
antibodies, anti-collagen I (Affinity, 1:1,000) or collagen III
(Affinity, 1:500), overnight at 4◦C. The next day, sections
were incubated with HRP-conjugated anti-rabbit IgG (ZSGB-
BIO, Beijing, China), and reactions were detected by DAB
staining (ZSGB-BIO, Beijing, China). The nuclei were stained
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with hematoxylin and differentiated in 1% acid alcohol, after
which the sections were rinsed with running water. Finally,
the slides were sealed with a neutral gel. Images were acquired
using an Axio Scope A1 microscope (Zeiss, Oberkochen,
Germany).

Mitochondrial Visualization by
Transmission Electron Microscopy and
MitoTracker
One-millimeter cubes of left ventricular myocardial tissue were
pre-fixed in 2.5% glutaraldehyde overnight at 4◦C and post-
fixed in 1% osmium tetroxide for 2 h at 4◦C. Fixed samples
were subjected to dehydration, embedding, polymerization, and
ultrathin section preparation, followed by staining with uranyl
acetate and lead citrate. Finally, images were acquired using
a Hitachi HT-7800 transmission electron microscope (Hitachi,
Tokyo, Japan).

To visualize the mitochondria of the H9c2 cells after the HG
and high fat conditions treatment, H9c2 cells were incubated
with a solution of MitoTracker (Abcam, Cambridge, United
Kingdom) for 1 h at 37◦C when the cells reached 80% confluency.
After incubation, images were acquired using an Axio Scope A1
microscope (Zeiss, Oberkochen, Germany).

Protein Extraction and Western Blot
Analysis
Heart tissue proteins were extracted using a total protein
extraction kit for muscles (Invent Biotechnologies, Beijing,
China). Isolation of mitochondria was prepared using a
mitochondria isolation kit for muscle tissues/cultured muscle
cells (Invent Biotechnologies, Beijing, China). Cell proteins
were lysed in RIPA lysis buffer (Solarbio, Beijing, China) with a
protease inhibitor (KeyGEN, Jiangsu, China) when confluency
reached 80%. The lysates of the tissue samples or cells were
then centrifuged at 12,000 × g for 20 min, and the supernatant
was collected. Protein concentrations were determined using
a BCA protein assay kit (KeyGEN, Jiangsu, China). Boiled
protein solutions were separated by 10% SDS-PAGE (Bio-Rad,
Hercules, United States) and transferred to a 0.45-µm PVDF
membrane (Millipore, Cork, Ireland). After 1-h blocking in 5%
skim milk powder (Beyotime, Shanghai, China), the membrane
was incubated with the following primary antibodies at 4◦C
overnight: NR4A1 (Proteintech, 1:1,000), DRP1 (Affinity,
1:1,000), NRF2 (Proteintech, 1:2,000), HO-1 (Proteintech,
1:1,000), CPT-1α (Proteintech, 1:1,000), PPARα (Proteintech,
1:1,000), SOD2 (Abcam, 1:5,000), ACC1 (Proteintech, 1:1,000),
phosphate-ACC1 (CST, 1:1,000), AMPK (CST, 1:1,000),
phosphate-AMPK (CST, 1:500), SIRT1 (Proteintech, 1:1,000),
NDUFB8 (Abcam, 1:5,000), SDHB (Abcam, 1:100,000),
UQCRC2 (Proteintech, 1:1,000), MTCO1 (Abcam, 1:1,000),
ATP5A (Proteintech, 1:1,000), HSP60 (Proteintech, 1:10,000)
and β-Tubulin (Proteintech, 1:5,000). The secondary antibody
was incubated for 1.5 h at room temperature. Proteins were
detected by enhanced chemiluminescence (Millipore, Billerica,
MA, United States) using an LI-COR Odyssey Imager (LI-COR
Biosciences, Lincoln, United States).

RNA Extraction and Reverse
Transcription-Quantitative Polymerase
Chain Reaction
Total RNA was extracted from heart tissues and H9c2 cells
using TRIzol reagent (Invitrogen, Carlsbad, CA, United States),
and RNA concentrations were measured using a NanoDrop
spectrophotometer (NanoDrop Technologies, Wilmington,
United States). cDNA synthesis was performed using a ReverTra
Ace qPCR RT kit (Toyobo, Osaka, Japan), and RT-qPCR
was performed using SYBR Green Realtime PCR Master Mix
(Toyobo, Osaka, Japan) on a Roche LightCycler 480 II instrument
(Roche, Basel, Switzerland). Relative mRNA quantification was
performed using the 11Ct method, and Tubb3 was used as
an internal reference. Detailed primer sequences are listed in
Table 1.

Mitochondrial DNA Quantification
Total DNA was extracted using a DNeasy kit (Qiagen, Hilden,
Germany). RT-qPCR was performed using SYBR Green Real-
time PCR Master Mix (Toyobo, Osaka, Japan) on a Roche
LightCycler 480 II instrument (Roche, Basel, Switzerland).
The mitochondrial gene Cox1 and nuclear gene Hbb were
selected as representative genes of mitochondrial and nuclear
DNA, respectively.

Adenosine-Triphosphate Measurements
Fresh myocardial tissue samples (20 mg) were homogenized for
tissue lysate extraction, and the tissue lysates were centrifuged
at 12,000 × g for 5 min at 4◦C. Myocardial tissue lysates
were used to detect the ATP content (Beyotime, Shanghai,
China) and protein concentrations. The obtained supernatant
was mixed and incubated with the detection solution, and the
ATP concentrations were measured using a luminometer. To
normalize the results, the ATP levels were normalized to total
protein concentrations (BCA assays).

TABLE 1 | Primers used for polymerase chain reaction (PCR).

Experiment Gene Primer sequence (5′ → 3′)

Mitochondrial DNA
PCR (mtDNA PCR)

Cox1 GAGCAGGAATAGTAGGGA
GTGTCTGATATTGGGTTAT

Hbb GGTGAACCCTGATGATGT
TTTAGTGGTACTTGTGAGCC

RTq-PCR Nr4a1 GCGGCTTTGGTGACTGGATAGAC
AGTGATGAGGACCAGAGCAGACAG

Drp1 ACAGCGTCCCAAAGGCAGTAATG
CCATGTCCTCGGATTCAGTCAGAAG

Sirt1 TAGGTTAGGTGGCGAGTA
CAGCCTTGAAATCTGGGT

Sod2 TCCCTGACCTGCCTTACGACTATG
TCGTGGTACTTCTCCTCGGTGAC

Hmox1 ACCTCCTCATTGTTATTGG
TACTCGCCACCTAACCTA

Nrf2 GCCTTCCTCTGCTGCCATTAGTC
TGCCTTCAGTGTGCTTCTGGTTG

Tubb3 CGTCCACCTTCATCGGCAACAG
TCGGCCTCGGTGAACTCCATC
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Intracellular Reactive Oxygen Species
Assay
When H9c2 cells in 6-well plates reached 80% confluency, they
were incubated with 2 mL total DMEM containing 10 µM
DCFH-DA probes (Beyotime, Shanghai, China) for 1 h at 37◦C.
The harvested cells were kept on ice and immediately detected
by flow cytometry. The FITC-fluorescent signal of 20,000 events
was recorded using a BD FACSAria II instrument (BD, Oxford,
United Kingdom). Data were analyzed using the FlowJo software.

10-N-Nonyl Acridine Orange Staining for
Cardiolipin
To detect intracellular cardiolipin content, H9c2 cells were
incubated with 100 µM NAO (a highly specific fluorescent probe
for cardiolipin) (MedChemExpress, Shanghai, China) for 20 min
at 37◦C. After incubation, images were acquired using an Axio
Scope A1 microscope (Zeiss, Oberkochen, Germany).

Mitochondrial Membrane Potential
Detection
To further assess the mitochondria of the H9c2 cells,
mitochondrial membrane potential was determined with
JC-1 staining. The H9c2 cells were seeded into 6-well plates
and grown to 80% confluency, and then the cells were stained
with the JC-1 staining kit (Beyotime, Shanghai, China) in
accordance with the manufacturer’s instructions. The cell images
were acquired using an Axio Scope A1 microscope (Zeiss,
Oberkochen, Germany).

Statistical Analysis
All data are shown as the mean ± standard deviation. A two-
tailed Student’s t-test was used to compare variables between the
two groups, and one-way or two-way analysis of variance was
performed for multi-group comparisons. Statistical significance
was set at P < 0.05. Statistical details are included in the
respective figure legends.

RESULTS

General Characteristics and Glucose
Homeostasis in Rats With Obesity and
Type 2 Diabetes Mellitus Was
Significantly Ameliorated After Sleeve
Gastrectomy
As illustrated by the body weight curves, body weight in the
sham surgery group and the SG group both bottomed out at
1 week after surgery and gradually increased thereafter. The
sham and SG groups showed persistent differences (Figure 1A).
Food intake after surgery was measured to determine changes
in feeding behavior. The sham and SG groups consumed fewer
calories during the first week after surgery, which may have
resulted from the transient surgical stress. However, rats in
the sham group were only hypophagic during the first week,
while the appetitive deficit of rats in the SG group lasted for a

long time, which enabled the maintenance of a reduced body
weight (Figure 1B). To assess the effects of SG on glucose
homeostasis, fasting blood glucose (FBG) concentrations were
regularly recorded (Figure 1C). The FBG level diminished during
the initial 14 days and remained stable thereafter. Rodents
in the SG group displayed improvements in the capability to
clear the oral gavage of glucose from blood, reflected as a 38%
drop in the area under the curve (AUC) compared with sham-
operated controls. An insulin tolerance test was performed, and
it showed a lower AUC in SG rodents than in the SHAM group,
demonstrating that SG further developed insulin sensitivity
(Figures 1D,E). The HOMA-IR values fundamentally decreased
after SG, which is consistent with the results above (Figure 1F).

Reversion of Cardiac Dysfunction After
Sleeve Gastrectomy
Echocardiographic assessment was done 2 months post-surgical
procedure to survey heart function (Figure 2A). Rats that
underwent sham surgery had a higher LVEDd, more prominent
impaired LVEF, FS, and a higher E/A proportion compared
to those in the control group. Echocardiographic examination
revealed systolic and diastolic dysfunctions in the sham group.
Nevertheless, in contrast to the sham group, it can be seen that
SG surgery moderated these negative changes, as proven by the
fundamentally diminished LVEDd with a reestablished LVEF, FS,
and E/A proportion (Figures 2B–E).

Myocardial Remodeling Was Reversed
After Sleeve Gastrectomy
Diabetic cardiomyopathy is characterized by structural and
functional derangement of myocardial tissue, comprising
hypertrophy, myocardial fibrosis, and contractile dysfunction in
both the diastolic and systolic phases. H&E staining, together
with WGA-stained cardiomyocyte outlines, showed hypertrophy
of cardiomyocytes in the sham group, which was attenuated
after SG (Figures 3A–C). Sirius red and Masson’s trichrome
staining revealed a rising level of cardiac fibrosis in the sham
group, although SG surgery eased fibrosis (Figures 3D–F). In
addition, IHC staining of collagen I and collagen III increased
collagen deposition in the sham group, which was reversed after
SG operation (Figures 3G,H). These results suggested that SG
strikingly reversed DCM-induced myocardial remodeling.

Sleeve Gastrectomy Ameliorated
Oxidative Stress in the Cardiac Tissue of
Diabetic Cardiomyopathy Rats
It is well known that T2DM could increase the burden of
oxidative stress (Civitarese et al., 2010). The rising generation of
ROS and disabled clearance of ROS appear to contribute to the
pathological progression of DCM (Huynh et al., 2014). Western
blotting showed that multiple anti-oxidative proteins, including
NRF2, SOD2, and HO-1, were suppressed in the sham rats and
were upregulated after SG surgery (Figure 4A). The real-time
PCR analysis yielded consistent results (Figure 4B). These data
suggest that SG surgery could partially prevent oxidative stress in
the myocardial tissues of rats with DCM.
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FIGURE 1 | Metabolic alternations of sleeve gastrectomy (SG) on body weight, feeding behavior and glucose homeostasis in STZ-induced diabetic rats. (A) Body
weight, (B) food intake, (C) and fasting blood glucose. (D) Curves of OGTT and (E) ITT were recorded 8 weeks post-operatively. AUCOGTT and AUCITT was
computed, respectively. (F) Values of HOMA-IR at 8 weeks after SG surgery. Data are presented as mean ± SD. *P < 0.05, **P < 0.01 CON vs. SHAM; #P < 0.05,
##P < 0.01 SG vs. SHAM. n = 10 in each group.

The Mitochondrial Function and
Structure Were Improved With Sleeve
Gastrectomy Performance
Reactive oxygen species are predominantly derived from
the mitochondria in diabetes (Wang et al., 2017). We
assessed mitochondrial structure and function. Transmission
electron microscopy revealed disarranged sarcomeres, swollen
mitochondria with disorganized cristae, and loss of intracellular
substances in the heart of the sham group. In the SG group,
layers of uniformly shaped mitochondria with copious and
organized cristae intervened between regularly aligned myofibrils
(Figure 4C). Heart tissues in the SG group showed higher ATP
content than those in the sham-operated rats (Figure 4D).
In addition, the copies of mtDNA in the myocardium were
diminished with SG treatment compared to those in the sham
group, indicating of a restoration of excessive mitochondrial

fragmentation (Figure 4E). Consistently, we found that the
proteins of respiratory complexes were upregulated after
SG, indicating the restoration of oxidative phosphorylation
(OXPHOS) (Figure 4F). Taken together, these results suggest that
beneficial metabolic alterations may occur via the suppression of
mitochondrial dysfunction after SG surgery.

Sleeve Gastrectomy Activated
Adenosine Monophosphate-Activated
Protein Kinase Pathway and Nuclear
Receptor Subfamily 4 Group A Member 1
Suppression for the Restoration of
Mitochondrial Homeostasis
Adenosine monophosphate-activated protein kinase has been
proved to show a beneficial role of metabolic regulation
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FIGURE 2 | Effects of sleeve gastrectomy (SG) on cardiac function in rat models. (A) Echocardiography. (A1) Representative images of M-mode echocardiograms,
(A2) Pulse-wave Doppler echocardiograms showed mitral inflow. Echocardiographic measurements including (B) LVEDd, (C) LVEF, (D) FS and (E) ratio of E/A. Data
are presented as mean ± SD. **P < 0.01 CON vs. SHAM; ##P < 0.01 SG vs. SHAM. n = 6 in each group.

in diabetes (Schaffer et al., 2015). Activation of the AMPK
pathway suppresses NR4A1-mediated mitochondrial fission
via DRP1 (Zhou et al., 2018; Wang et al., 2021). In this
study, western blot showed that AMPK pathway was impaired
in rats of DCM, as shown by decreased AMPK and ACC
phosphorylation. Post-operatively, the AMPK pathway was

activated in the heart tissues (Figure 5A). It has been reported
that SIRT1, which can further downregulate NR4A1, can be
activated by AMPK (Fulco et al., 2008; Qiang et al., 2011).
Thus, we further determined the expression of SIRT1, NR4A1
and DRP1, and found that SIRT1 was overregulated after
SG surgery, whereas the expression of NR4A1 and DRP1
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FIGURE 3 | Effects of sleeve gastrectomy (SG) on diabetic-induced cardiac remodeling. (A) H&E staining images of left ventricle. (B) Plasma membrane stained with
WGA. (C) Mean diameters of cardiomyocytes in each group (D) staining of masson trichrome, of which dark blue indicated collagen fibers. (E) Sirus red staining
identified the dense collagen staining. (F) The percentage of fibrosis was calculated. Immunohistochemical staining of panel (G) collagen I, (H) collagen III. Scale bar,
50 µm. Data are presented as mean ± SD. **P < 0.01 CON vs. SHAM; ##P < 0.01 SG vs. SHAM. n = 3 in each group.

in mitochondrial fractions was reduced post operation
(Figure 5B). Similarly, real-time RT-PCR showed that the
relative transcriptional levels of Sirt1, Nr4a1, and Drp1
were consistent with the protein levels (Figure 5C). Fatty
acid oxidation in cardiomyocytes was enhanced after SG
surgery, indicated by an increased expression of CPT-1α and
PPARα (Figure 5B). Taken together, these results indicate
that AMPK signaling activation and NR4A1 suppression
may mediate the effect of SG on maintaining cardiac
mitochondrial homeostasis.

Adenosine Monophosphate-Activated
Protein Kinase Mediated the Protective
Effect of Mitochondrial Function in H9c2
Cells
To further testify the role of AMPK signaling in DCM models,
we stimulated H9c2 cells with HG along with PA to mimic the
hyperglycemic and hyperlipidemia environment. A-769662, an
AMPK activator, was used to evaluate the effects of AMPK on
diabetic cardiomyocytes.

Frontiers in Physiology | www.frontiersin.org 8 March 2022 | Volume 13 | Article 83779888

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


fphys-13-837798 March 5, 2022 Time: 13:30 # 9

Li et al. Sleeve Gastrectomy Attenuates Diabetic Cardiomyopathy

FIGURE 4 | Sleeve gastrectomy (SG) attenuates oxidative stress and improves mitochondrial function in diabetic cardiomyopathy (DCM). (A) Protein levels of
anti-oxidation molecules shown by western blot. β-Tubulin was an internal reference control. (B) Relative mRNA levels of anti-oxidation genes shown by real-time
RT-PCR. Tubb3 served as a reference gene. (C) Representative transmission electron micrographs. Scale bar, 1 µm. (D) ATP content in heart tissues. (E) Relative
mtDNA copies per nuclear genome. (F) Protein levels of OXHPOS complexes in each group. Data are presented as mean ± SD. **P < 0.01 CON vs. SHAM;
##P < 0.01 SG vs. SHAM. n = 3 in each group.

Our data revealed that the protein levels of p-AMPK and
SIRT1 were downregulated under HG+ PA stimulation and were
restored with an AMPK activator. The protein levels of NR4A1
and DRP1 were up-regulated in the HG+ PA condition, whereas
they were suppressed by AMPK activation (Figure 6A). We also
determined the intracellular ROS levels with a redox-sensitive
fluorescent dye, DCFH-DA, using flow cytometry. HG + PA
markedly upregulated the fluorescent staining of ROS, whereas
ROS levels were partially cleared following AMPK activation

(Figure 6B). The Mito-tracker probe was used to stain the
morphology of the mitochondria, and our data revealed that
mitochondria were impaired with HG + PA stimulus, which
could be ameliorated by an AMPK activator (Figure 6C).
Cardiolipin (CL) is vital for oxidative phosphorylation because
its oxidation is related to ROS accumulation and mitochondrial
dysfunction (Li et al., 2010). Using NAO fluorescent staining, we
found that oxidative damage to the CL was suppressed by AMPK
activation (Figure 6D). Mitochondrial fission has been reported
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FIGURE 5 | Sleeve gastrectomy (SG) activated adenosine monophosphate-activated protein kinase (AMPK) and depressed NR4A1/DRP1 expression for the
restoration of mitochondrial homeostasis. (A) Protein levels of AMPK signaling shown by western blot. β-Tubulin was an internal reference control. (B) Western blot
analysis of NR4A1/DRP1 signaling and CPT1α and PPARα. β-Tubulin was an internal reference control. (C) Relative mRNA levels of Nr4a1/Drp1 shown by real-time
RT-PCR. Tubb3 served as a reference gene. **P < 0.01 CON vs. SHAM; ##P < 0.01 SG vs. SHAM. n = 3 in each group.

to induce depolarization of the mitochondrial membrane
(Baixauli et al., 2011). Thus, we surveyed membrane potential
using JC-1 fluorescent dye and found that AMPK protected
cardiomyocytes from membrane potential disruption induced
by HG + PA treatment (Figures 6E,F). These data suggest
that AMPK preserves mitochondrial function in cardiomyocytes
in vitro.

DISCUSSION

Diabetic cardiomyopathy is a pivotal cause of morbidity
and mortality in patients with T2DM, and is defined by
morphological, functional, and metabolic transformations in
the heart as a significant cardiovascular complication in
diabetic patients (Adeghate and Singh, 2014; Bugger and Abel,
2014). Ample evidence has showed that bariatric surgery had
significant metabolic advantages in obesity, T2DM, and following
complications (Ikramuddin et al., 2018; McGlone et al., 2020).
In the present study, we induced DCM rat models by HFD
feeding followed with low-dose intraperitoneal injection of STZ.
We performed SG surgery or sham surgery in rats with DCM
and compared the general metabolic characteristics to ensure
that SG surgery had beneficial effects in the remission of T2DM
and obesity. Additionally, as shown by echocardiography, SG
partially restored cardiac function in rats with DCM. Histological
assessment indicated reversion of myocardial remodeling and

cardiac hypertrophy after SG surgery. We detected several
indicators of oxidative stress in the myocardium, suggesting
that SG surgery remarkably relieved the ROS burden in
cardiac tissues. When emphasizing mitochondria, SG surgery
imposed favorable effects on both the structure and function
of the mitochondria. Further mechanistic in vivo and in vitro
studies revealed that AMPK-mediated NR4A1 repression and
subsequent mitochondrial improvement might be the underlying
mechanism of the therapeutic effect of SG surgery on DCM.

In the present study, we have adopted the routine HFD
feeding combined with low-dose STZ injection intraperitoneally
to establish the DCM model. Because it mimics the regular
pathological progression of T2DM, this technique has been
widely utilized by numerous specialists (Reed et al., 2000; Sahin
et al., 2007; Skovsø, 2014). In addition, this method is ordinarily
adopted in the induction of DCM models (Ménard et al., 2010; Ti
et al., 2011). In accordance with the findings of previous research
(Chambers et al., 2011), metabolic improvement of SG procedure
was observed in our study, shown by a decreased body weight,
food intake, and FBG level and improved glucose tolerance and
insulin sensitivity post-operatively. These data confirmed the
impact of the SG operation (Figure 1).

Diabetic cardiomyopathy is initially characterized by diastolic
dysfunction, which may precede systolic dysfunction (Brooks
et al., 2008). Using cardiac echocardiography, cardiac function
was identified in this study, and we found that diastolic
and systolic function, which was impaired in DCM rats,
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FIGURE 6 | Adenosine monophosphate-activated protein kinase (AMPK) mediated the protective effect of mitochondrial function in H9c2 cells. (A) Protein levels of
AMPK signaling. β-Tubulin was an internal reference control. (B) Reactive oxygen species (ROS) levels detected by flow cytometry with DCFH-DA probe.
(C) Mito-tracker staining and (D) 10-N-nonyl acridine orange (NAO) staining (E) membrane potential shown by the ratio of intensity with JC-1 dye at 529 nm (green)
to 590 nm (red). **P < 0.01 NC vs. HG + PA; ##P < 0.01 HG + PA vs. HG + PA + A-769662. n = 3 in each group.
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improved after SG surgery. The pathogenesis of DCM remains
disputable, and several mechanisms have been proposed,
including myocardial hypertrophy, fibrotic remodeling, oxidative
stress, and superfluous lipid deposition. Myocardial hypertrophy
contributes to impaired contractility and reduced myocardial
compliance (Aneja et al., 2008). In this study, SG surgery
significantly alleviated cardiac hypertrophy, as shown by
the reduced diameters of the cardiomyocytes. Interstitial
and perivascular fibrosis in heart biopsies contribute to the
impairment of contractility (Regan et al., 1977). Excessive
collagen deposition in both the interstitial and perivascular
regions was strikingly reduced post-operatively. These data reveal
that owing to morphological improvements, functional benefits
were obtained with SG (Figures 2, 3).

Mitochondrial dysfunction, abnormal mitochondrial
ultrastructure, and the accumulation of oxidative stress have been
reported to participate in the progression of DCM, characterized
by impaired mitochondrial respiratory capacity and increased
mitochondrial oxidative stress (Bugger and Abel, 2014). Under
physiological conditions, mitochondrial fragmentation can
increase ATP production to fulfill the energetic needs of
the heart (Coronado et al., 2018). Nevertheless, superfluous
mitochondrial fission causes disruption of the membrane
potential, subsequently leading to mitochondrial dysfunction,
cytochrome c leakage, and increased mitochondrial ROS
accumulation (Veeranki et al., 2016; Ding et al., 2018). Our
data confirmed that SG surgery could alleviate the abnormal
mitochondrial ultrastructure, and could upregulate the impaired
expression of anti-oxidative signaling proteins, which implied
a clearance of overburdened ROS. In addition, our results
showed that SG could decrease number of mtDNA copies,
which might reveal the amelioration of excessive mitochondrial
fragmentation or mitochondrial biogenesis and might be the key
contributor to cardiac recovery. Also, ATP content was increased
after SG performance, along with the fact that SG restored the
expression of respiratory complexes in OXPHOS. That is, we
determined that SG surgery suppressed pathologically excessive
fragmentation in mitochondria and restored respiratory
capability in DCM (Figure 4).

Previous studies have reported that SG can activate AMPK
signaling in adipose and pancreatic beta cells to gain metabolic
benefits (Liu et al., 2020; Li et al., 2021). SIRT1/AMPK
activation ameliorated the development and progression of
DCM (Packer, 2020b). In this study, we confirmed that SG
promotes the activation of SIRT1/AMPK signaling. As has been
shown in previous studies, AMPK can inhibit the expression
of NR4A1, which seems as a culprit factor in the heart, as
it promotes mitochondrial fragmentation and decreases the
mitochondrial membrane potential to result in the disruption
of mitochondrial homeostasis (Zhou et al., 2018; Wang et al.,
2021). In vivo experiments showed that SG could decrease the
expression of NR4A1 and DRP1, accompanied with enhanced
fatty acid oxidation in cardiomyocytes. AMPK agonists suppress
NR4A1 and DRP1 in in vitro models, along with a decrease
in ROS levels and restoration of mitochondrial structure
and homeostasis. Taken together, these data imply that the
therapeutic effects of SG surgery on DCM may be mediated

by restraining mitochondrial homeostasis. Moreover, in vitro
findings suggested that AMPK/NR4A1 suppression-mediated
mitochondrial homeostasis might be the underlying mechanism
in the SG treatment of DCM (Figures 5, 6).

Although the pathological progression of DCM is initiated
and exacerbated by hyperglycemia and insulin resistance, blood
glucose control has only limited effects on the alleviation of
cardiovascular diseases (Brown et al., 2010). Additionally, a
clinical trial showed that hypoglycemic agents, such as GLP-1R
agonists and DPP-4 inhibitors, could not reduce the risk of heart
failure (Murtaza et al., 2019). Therefore, we have speculated that
despite the hypoglycemic effects of SG surgery, the favorable
metabolic effects of SG on DCM have some deep mechanisms.
Activation of AMPK signaling and restoration of mitochondrial
homeostasis might be vital mechanisms.

This study has several limitations. Firstly, these results were
based on an obese diabetic rat model; the relevance of this animal
model with obese patients with DCM undergoing bariatric
surgery needs to be further investigated. Secondly, the two
general effects of SG are the weight loss and improvements in
glucose metabolism, which both contribute to the amelioration
of DCM development. So, it is tough to define which factor
plays the most direct role. Experiments will be required in the
future to directly associate SG with cardiac performance via
AMPK activation.

Taken together, ROS overburden and mitochondrial
dysfunction ascribing to NR4A1/DRP1 induced mitochondrial
fission and fragmentation play significant roles in the progression
of DCM. SG surgery could activate AMPK and decrease
NR4A1 levels, correct mitochondrial dysfunction, and enhance
myocardial energy production to protect against myocardial
remodeling and dysfunction. Whether this restoration of
mitochondrial homeostasis and its upstream mechanisms in SG
operation could be used as a new therapeutic target for DCM
remains to be elucidated.
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Bile acid is a derivative of cholinergic acid (steroidal parent nucleus) that plays
an important role in digestion, absorption, and metabolism. In recent years, bile
acids have been identified as signaling molecules that regulate self-metabolism, lipid
metabolism, energy balance, and glucose metabolism. The detection of fine changes
in bile acids caused by metabolism, disease, or individual differences has become
a research hotspot. At present, there are many related techniques, such as enzyme
analysis, immunoassays, and chromatography, that are used for bile acid detection.
These methods have been applied in clinical practice and laboratory research to
varying degrees. However, mainstream detection technology is constantly updated and
replaced with the passage of time, proffering new detection technologies. Previously,
gas chromatography (GS) and gas chromatography-mass spectrometry (GC-MS) were
the most commonly used for bile acid detection. In recent years, high-performance liquid
chromatography-tandem mass spectrometry (HPLC-MS/MS) has developed rapidly
and has gradually become the mainstream bile acid sample separation and detection
technology. In this review, the basic principles, development and progress of technology,
applicability, advantages, and disadvantages of various detection techniques are
discussed and the changes in bile acids caused by related diseases are summarized.

Keywords: bile acid, detection techniques, related diseases, enzyme analysis, chromatography

INTRODUCTION

Bile acids are a component of bile. They play a role in human metabolism by facilitating
the digestion and absorption of lipids, maintaining the dissolved state of cholesterol in bile,
and inhibiting its precipitation. In addition, bile acids can also act as signaling molecules to
regulate self-metabolism, lipid metabolism, energy balance, and glucose metabolism by binding
to the “membrane bile acid receptor”—Takeda G protein-coupled receptor 5 (TGR5) and nuclear
hormone receptors, such as farnesoid X receptor (FXR) (Thomas et al., 2008).

Although there is little difference in the structure as well as physical and chemical properties of
various bile acids, their functions are different. In experimental studies, the separation and detection
of bile acids have been widely used, but they have not been popularized in clinical diagnosis.
However, with the increasingly clear relationship between the occurrence of diseases and changes
in bile acids, separation and detection of bile acids will play an increasingly important diagnostic
value and guiding role in the future. Recently, detecting and separating bile acids accurately and
quickly has become an important aspect of experimental studies. This review lists the methods
used for bile acid detection according to the technical classification. The aim is to explore the basic
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principles, applicable conditions, advantages, and disadvantages
of the various technologies, as well as the clinical application of
bile acid detection in the diagnosis of diseases.

BILE ACIDS OVERVIEW

Structure and Classification of Bile Acids
Bile acids comprise a mixture of several compounds that are
similar in shape, structure, and function. They can be divided into
free and conjugated bile acids. The free bile acids mainly include
cholic acid (CA), chenodeoxycholic acid (CDCA), deoxycholic
acid (DCA), and a small amount of lithocholic acid (LCA). The
24 carboxyl groups of the above free bile acids can combine with
glycine or taurine to form various conjugated bile acids, including
glycocholic acid, taurocholic acid, glycochenodeoxycholic acid,
and taurochenodeoxycholic acid (Table 1). In addition to
aminoacyl amidation with glycine or taurine and sulfation,
three glycosidic conjugation pathways have been established
both in vivo and in vitro at the end of the last century:
glucuronidation, glucosidation, and N-acetylglucosaminidation
(Marschall et al., 1992), and that let us recognize more bile acid
types in the body.

The different structures of bile acids are mainly reflected in
the occurrence of hydroxyl or carbonyl groups on the carbon
atoms at specific positions. The basic structure of most bile acids
is shown in Figure 1. The molecular structures of some common
bile acids, based on replacing the functional groups shown in
Figure 1 are listed in Table 1 (Tagliacozzi et al., 2003; Mano et al.,
2006; Gowda, 2011; Jantti et al., 2014; Liu et al., 2018; Dutta et al.,
2019).

Bile acids can be divided into primary and secondary bile acids
based on their sources. Primary bile acids are synthesized by the
liver and stored in the gallbladder as an important component
of bile. They mainly include CA, CDCA, and their combined
products with glycine and taurine.

Bile Acid Synthesis and Enterohepatic
Circulation
In the classical pathway, primary bile acids are synthesized
in four steps: (a) initiation of synthesis by 7-hydroxylation
of sterol precursors, (b) further modification of the ring
structures, (c) oxidation and shortening of the side chain, and
(d) conjugation of the bile acids with an amino acid (Russell,
2003). Secondary bile acids are synthesized by deconjugation,
dehydrogenation, and dehydroxylation reactions of the gut
microbiota (Figure 1; Chiang, 2013; Winston and Theriot, 2020).
The gut microbial community, owing to its ability to produce bile
acid metabolites different from those produced by the liver, may
be considered an “endocrine organ” with the potential to alter
host physiology, perhaps to benefit the parasitic gut microbiome
(Ridlon and Bajaj, 2015).

Bile acids circulate in the digestive tract and internal
circulation through enterohepatic circulation. Approximately
95% of bile acids that enter the digestive tract can be reabsorbed,
and the remainder is excreted in the stool. Bile acids can
be reabsorbed in two ways: Conjugated bile acids are actively

reabsorbed in the ileum by bile acid transporters, while free bile
acids are passively reabsorbed in all parts of the small intestine
and large intestine. Reabsorbed bile acids re-enter the liver via the
portal vein. In hepatocytes, free bile acids are reconverted into
conjugated bile acids, which are secreted into the intestine with
bile along with reabsorbed and newly synthesized conjugated bile
acids. This cycle is called the enterohepatic circulation of bile
acids. Small amounts of bile acids that are not acquired by liver
cells enter the blood circulation through the hepatic vein. Thus,
in addition to the liver and bile, bile acids are also present in
the blood, urine, stool, amniotic fluid (Ushijima et al., 2001),
sputum (Higashi et al., 2010; Durc et al., 2020), pleural effusion
(Che et al., 2018), and bronchoalveolar lavage fluid (Bessonneau
et al., 2014). The first three are often used as typical samples for
bile acid detection.

Relationship Between Bile Acids and
Diseases
Because of the close relationship between bile acids and
metabolism, the concentration of bile acids in each component
also changes during diseases, such as hepatobiliary disease
(Li et al., 2017; Jia et al., 2018), gastrointestinal disease
(Duboc et al., 2013; Lee et al., 2020), metabolic disease
(Wu et al., 2015; Lackey and Olefsky, 2016), and nervous
system disease (Grant and DeMorrow, 2020). 3α-Hydroxysteroid
dehydrogenase (HSD) enzyme assays have been used to detect
total bile acid (TBA) concentration in clinical practice to
diagnose the occurrence of diseases. However, most diseases
only lead to an increase or decrease in the concentration
of one or several bile acids, but not TBA. For example,
Zheng et al. (2021) found an association between hyocholic
acid (HCA) and metabolic disorders, such as obesity and
diabetes. The feasibility of using HCA to assess the risk of
metabolic abnormalities in the future is further clarified. Thus,
the separation of various bile acids and detection of their
concentration changes in samples are conducive to scientific
research, disease diagnosis, and even disease prediction, which is
very important in the development of human medical and health
undertakings. Therefore, the significance of bile acid detection
needs to be evaluated.

BILE ACID DETECTION TECHNIQUES
REPORTED IN LITERATURE

Since the 1950s and the 1960s, there has been an increased
interest in bile acid metabolism, and the related separation and
detection technologies have emerged in an endless stream. Some
of these methods have already been widely used in other detection
fields and later applied to the detection of bile acids, such as
spectrophotometry and early chromatography. In addition, after
decades of research on bile acid metabolism, new separation and
detection techniques have been established and quickly applied to
the detection of bile acids.

The separation and detection methods of bile acids can
be broadly divided into two categories: non-chromatographic
and chromatographic. Non-chromatographic methods include
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TABLE 1 | Chemical structure of some common bile acids, including free bile acids, glycine/taurine-conjugated bile acids, and sulfated bile acids.

Abbreviation Compound R1 R2 R3 R4 R5

CA Cholic acid α-OH H α-OH OH OH

CDCA Chenodeoxycholic acid α-OH H α-OH H OH

DCA Deoxycholic acid α-OH H H OH OH

7-oxo-DCA 7-oxo-deoxycholic acid α-OH H =O OH OH

LCA Lithocholic acid α-OH H H H OH

12-oxo-LCA 12-oxo-lithocholic acid α-OH H H =O OH

UDCA Ursodeoxycholic acid α-OH H β-OH H OH

α-MCA α-muricholic acid α-OH β-OH α-OH H OH

β-MCA β-muricholic acid α-OH β-OH β-OH H OH

ω-MCA ω-muricholic acid α-OH α-OH β-OH H OH

HCA Hyocholic acid α-OH α-OH α-OH H OH

HDCA Hyodeoxycholic acid α-OH α-OH H H OH

7-oxo-HDCA 7-oxo-hyodeoxycholic acid α-OH α-OH =O H OH

DHCA Dehydrocholic acid =O H =O =O OH

MDCA Murideoxycholic acid α-OH β-OH H H OH

Unconjugated OH

Glycine conjugates NHCH2CO2H

Taurine conjugates NHCH2CH2SO3H

Sulfated BAs HSO4

α-MCA, β-MCA and ω-MCA do not have corresponding glycine conjugated bile acids, while bile acids with carboxyl groups (7-oxo-DCA, 12-oxo-LCA, 7-oxo-HDCA) do
not have corresponding taurine and glycine conjugates.

enzyme analysis, radioimmunoassay (RIA), enzyme-linked
immunosorbent assay (ELISA), nuclear magnetic resonance
(NMR), and capillary electrophoresis (CE) (Table 2); among
these, 3α-HSD enzyme analysis has been used in clinical
diagnosis, and other methods are widely used in scientific
research to varying degrees. Chromatography originated
in the early twentieth century and developed rapidly after
the 1950s. The basic principles underlying all kinds of
chromatography are the same. Earlier, gas chromatography
(GC) or gas chromatography-mass spectrometry (GC-MS) was
the most commonly used bile acid detection method; in recent
years, high-performance liquid chromatography-tandem mass
spectrometry (HPLC-MS/MS) has developed rapidly and has
gradually become the mainstream method for bile acid sample
separation and detection. These methods have high sensitivity,
good specificity, and low detection limit; however, they also have
a few shortcomings.

To understand the practical application of bile acid detection
technology in scientific research in recent years, we reviewed 105
articles reporting bile acid detection technology (the search was
conducted on PubMed using the keyword “bile acid,” and the
filter condition was “5 years.” Five hundred articles were selected,
with an emphasis on those with an impact factor above 3). These
studies are expected to aid the selection of appropriate bile acid
detection technology.

First criteria was the geographical distribution of the detection
technology (Figure 2A). Bile acid detection technology has
been used in the United States, China, Germany, Japan,
Canada, Sweden, and many other countries. Among them, the
United States and China published the most relevant reports,
with 24 and 22 articles, respectively.

Second criteria was the use of detection technology
(Figure 2B). Many of the techniques mentioned in this
review, such as RIA and CE, have not been used in scientific
research. Most of these studies (79 in total) used LC-MS (LC
includes HPLC and UPLC; MS includes MS and MS/MS), and
GC-MS. Most MS detectors mentioned in specific experimental
steps are tandem mass spectrometry. Kit/enzymatic tests were
also frequently reported, but they only detect TBA as needed. It
is a simple and convenient detection technique for experiments
that do not require individual bile acid separation and detection.
Among the statistical studies, 11 used two detection techniques,
most of which are enzymatic methods combined with LC-MS,
to separate and detect the concentration of individual bile acid
components while measuring the TBA.

The third criteria was the specimens tested (Figure 2C). The
sample sources were abundant. In addition to human specimens,
there were various other types, such as experimental animals,
in vitro simulations, cell culture, and even environmental bile
acids can be detected. The most important specimens were
mice, humans, and rats, accounting for 38, 30, and 15 articles,
respectively. Five studies used two types of specimens according
to experimental requirements. Because the experimental animals,
such as rats and mice, can be subjected to anatomy experiments
and extraction of the organs according to the rules and
regulations, a wide range of specimens may be expected with
an extensive sample detection range. Human specimens more
accurately represent the metabolic changes in the body, not only
in research experiments, but also in the clinic. Compared to
experimental animals, human sample extraction is more likely to
be less invasive or non-invasive, considering that the specimens
do not usually include the liver, gut, or gallbladder.
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FIGURE 1 | Chemical structure of some common bile acids and the synthesis primary bile acid and generation of secondary bile acid. (a) initiation of synthesis by
7-hydroxylation of sterol precursors, (b) further modification of the ring structures, (c) oxidation and shortening of the side chain, (d1) hydrolyzation of the bile acids,
(d2) conjugation of the bile acids with glycine, (d3) conjugation of the bile acids with taurine, (e1) dehydroxylation of the bile acids, (e2) conversion of
chenodesoxycholic acid acid 7α-hydroxyl to 7β-hydroxyl.

Finally, the species and time required for bile acid
detection were the two important aspects of our evaluation
(Figures 2D,E). Among the four main detection techniques

(UPLC-MS/MS, HPLC-MS/MS, LC-MS/MS, and HPLC),
UPLC-MS/MS has the advantages of detecting more
bile acid types and a shorter detection time, making
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TABLE 2 | Advantages and disadvantages of the bile acid detection techniques.

Method Advantages Disadvantages

Enzyme analysis Simple operation; low cost; applicable for clinical and scientific
research to detect TBA, especially for clinical diagnosis

Only applicable for bile acids containing 3α-OH; high detection limit;
failure to distinguish between the specific types of bile acids

RIA Applicable for detection of trace bioactive substances at that time Need of special equipment; radioactivity; cross-reactivity

ELISA Small number of instruments; short analysis time; simple operation Cross reaction; difficult to recover from serum; low accuracy

Spectrophotometry Small number of instruments; short analysis time; low cost; simple
operation process

Failure for the separation and detection of bile acids; low detection
accuracy

NMR Small sample size; simple sample pretreatment; capable of
non-invasive

Relative low sensitivity compared to MS-based approaches

Chromatography TLC Simple operation process; low cost; good repeatability Lack of direct quantification and low accuracy

HPLC High sensitive; simple to perform Time-consuming; complex sample pretreatment

SFC Short detection time; not limited by the volatility and thermal
instability of the compounds

Low reproducibility

LC-MS Short detection time; narrow peak width; low detection limit; high
retention capacity; high signal-to-noise ratio

High cost

GC-MS Low detection limit; high retention capacity; high degree of
separation

Complex sample preparation

CE Good separation capacity and detection speed Technically demanding; usually unreliable

it the preferred technology for the precise detection
of bile acids.

BILE ACID DETECTION METHODS

Enzyme Analysis
One of the chemical characteristics of bile acids is that
they contain an α-hydroxyl group on the third carbon. 3α-
HSD extracted from Pseudomonas testosteroni catalyzes the
redox reaction of hydroxyl groups, and NAD+ is converted
into NADH. The concentration of NADH is determined by
spectrophotometry at 340 nm; thus, the concentration of bile
acids in the sample is obtained indirectly. Based on this principle,
Iwata and Yamasaki (1964) developed a method for measuring
TBA (including free bile acids and bound bile acids) in samples.
The method is relatively simple and fast, with a minimum
detection limit of 5 µ g.

In order to avoid the use of special instruments and relatively
cumbersome pretreatments in the detection of TBA in plasma
while ensuring satisfactory sensitivity, Mashige and his team
improved the enzyme analysis method to measure bile acid
concentrations in 1981 (Yamanaka et al., 1981). This method
enabled the H of NADH generated in the first reaction to convert
nitrotetrazolium blue into diformazan through diaphorase, and
then detected the diformazan formed at 540 nm using a
spectrophotometer. The minimum detection limit was 0.1 nmol.
This method greatly improves the practicability of enzyme
analysis in the detection of bile acid concentrations, is more
suitable for general conventional laboratories, and has the
characteristics for mechanization.

In addition to 3α-HSD, 7α-HSD can be used for bile acid
detection. Roda and coworkers used a highly specific continuous
flow method to detect the concentration of 7-α-hydroxyl bile acid
by bioluminescence using nylon-immobilized bacterial enzymes
(Bovara et al., 1984).

Enzyme analysis has been used in clinical and scientific
research, especially for clinical diagnosis. Compared with this
method, the other methods mentioned later have not been
widely used in clinical practice. The total bile acid assay kit
(total bile acid enzyme circulation method) has commercialized
detection technology, facilitating the detection of TBA. The
kit uses NADH, thio-NAD+, and bile acids to perform a
redox cycle catalyzed by 3α-HSD, amplifying the signal and
finally measuring the concentration of TBA by determining the
absorption value of thio-NAD+ at 405/660 nm at 37◦C using
a spectrophotometer.

The disadvantages of enzyme analysis method are also
particularly apparent. The method can only detect bile acids
containing 3α hydroxyl groups and cannot be used if the
hydroxyl groups are replaced by sulfuric or glucuronic groups.
Moreover, the detection limit of this method is high, and it
cannot accurately detect the bile acid content in some samples,
such as saliva. In addition, enzyme analysis can only detect
TBA and cannot distinguish between the specific types of
bile acids. Therefore, the experimental data provided by this
method only includes the total concentration, which is relatively
limited. To obtain the respective concentrations of various
bile acids, other methods that can separate and detect them
should be selected.

Immunoassay
Radioimmunoassay
Radioimmunoassay was established in 1959 by American
scientists Professor Yalow and Berson as an in vitro method
for ultrafine analysis. It resolved the issue of detection of
trace bioactive substances, which was difficult to determine
at that time, thus playing a significant role in promoting the
development of modern medicine. RIA for bile acids in samples
was first proposed by Simmonds et al. (1973). RIA utilizes the
principle of specific binding between antigen and antibody and
measures the concentration of the bound product by radioisotope
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FIGURE 2 | Statistical chart of bile acids detection techniques. (A) Histogram of geographical distribution of articles (n = 105) on bile acid detection technology,
(B) Histogram of techniques used for bile acid detection. (C) Histogram of specimen sources and pie charts of specimen taken from mouse, human and rat.
(D) Statistical chart of the number of individual bile acids detected and (E) duration required. Among Figures 2D,E, the part with yellow background indicates that
the data is sufficient and therefore has statistical significance, while the rest has little statistical significance because of the small number of statistics.
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FIGURE 3 | Flow diagram of Liquid Chromatograph-Mass Spectrometer (LC-MS).

labeling. However, because of the need for special equipment,
radioactivity, and cross-reactivity, RIA has not been widely
used, and few people have used this method to detect bile acid
concentrations in recent years (Mäentausta and Jänne, 1979;
Samuelson, 1980).

Enzyme-Linked Immunosorbent Assay
Since Engvall and Perlmann (1971) invented the ELISA
technique in 1971, it has become an extremely important clinical
and scientific assay. ELISA detects soluble antibodies or antigens
in a sample. ELISA combines two basic principles: antigen–
antibody specificity combined with enzymes and substrates
for efficient catalysis. The results are based on the color
changes of the enzyme substrate, using standard apparatus
for quantitative analysis, with the sensitivity reaching the ng
level. ELISA can be used to detect bile acid concentration in
saliva samples that enzyme analysis cannot. Enzymes commonly
used for marking include horseradish peroxidase and alkaline
phosphatase. These enzymes are stable and can be preserved
for a long time.

In 2017, Liu et al. (2017) used four different monoclonal
antibodies to detect five bile acids [CA, DCA, CDCA, UDCA,
and hyodeoxycholic acid (HDCA)] in plasma. Cui et al. (2017)
established a biotinylated single-chain variable fragment-based
ELISA method for the determination of glycocholic acid, and
used a chicken single-chain variable fragment (scFv) antibody to
detect glycocholic acid.

The method has the same sensitivity and accuracy as the
RIA method, but does not require expensive equipment and is
not radioactive. The experiment does not require the use of a
large number of instruments and can effectively avoid the result
error caused by cross contamination. The detection speed is
faster than that of RIA or chromatography, and the operation is

simple and easy to use; thus, it can be promoted in basic clinical
detection. Its disadvantage is that the cross reaction between
antigen and antibody occurs easily, which affects the accuracy
of detection, false positives, and other false results (Dutta et al.,
2019). Moreover, bile acids are difficult to recover from serum,
and the recovery rate is always higher than the theoretical value
measured by the standard curve without human serum.

Spectrophotometry
Spectrophotometry is one of the most commonly used techniques
in biochemical experiments. Its principle involves qualitative
and quantitative analysis of the test substance by measuring
the absorption of light at a specific wavelength or wavelength
range. Most of the chemical bonds in bile acids are carbon–
carbon single bonds without conjugated structures and
luminescent groups; therefore, they cannot be measured directly
by spectrophotometry. However, certain chemical reactions can
cause the bile acids to exhibit an absorption peak at a certain
wavelength or produce substances with an absorption peak
at a certain wavelength. The principle is the same as that of
the 3α-HSD enzyme analysis mentioned above. With regard
to spectrophotometry, this review introduces other detection
methods that use spectrophotometry.

Spectrophotometry eliminates the complex sample processing
process and requires only a spectrometer, which is a common
instrument in general QC laboratories. This method can be
applied to a large number of samples because of its speed, low
cost, and simple operation process. However, this method can
only detect TBA or a certain type of bile acid at one time, and
cannot be used for the separation and detection of bile acids,
making it difficult to achieve accurate quantitative analysis of
complex bile acid samples. Therefore, it is generally used for
preliminary qualitative or simple quantitative analysis.
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Nuclear Magnetic Resonance
Nuclear magnetic resonance is a less commonly used method
for the detection of bile acids. It is a spectroscopic technique
that applies NMR phenomenon to the determination of the
molecular structure. It can be used to detect and simultaneously
quantify bile acid concentrations in the samples. In addition,
NMR can provide detailed molecular structures and quantitative
information. Duarte et al. (2009) first applied high-field NMR
spectroscopy (800 MHz for 1 H observation) for the detection
of human liver bile components (Duarte et al., 2009). NMR
spectra of the entire extract showed the main bile acids (CA,
DCA, and chenodesoxycholic acid), but failed to distinguish
the conjugated bile acids of glycine and taurine. However, this
method can be used to detect isomers of glycodeoxycholic acid
and glycochenodeoxycholic acid, which cannot be detected by
conventional liquid mass chromatography.

Owing to the high signal overlap of the NMR peaks of
bile acids and the signal widening due to the low water
solubility and aggregation of the main components of bile,
NMR analysis is limited. This limitation was improved with
the advent of two-dimensional (2D) NMR. 2D NMR overcomes
the problem of overlapping resonances in the proton 1D NMR
spectrum and is thus able to detect and align more metabolites
than the 1D method.

Various other bile acid detection methods involve sample
extraction, which is an invasive procedure. In recent years,
NMR detection of bile acids has been of great significance
in non-invasive in vivo examinations. Prescot et al. (2003)
demonstrated the potential of monomeric magnetic resonance
for non-invasive detection of the metabolic composition of bile
in the human gallbladder. Unfortunately, the mass spectrum
cannot detect molecules other than phospholipids, such as bile
acids. More recently, Kunnecke et al. (2007) developed a non-
invasive method for detecting bile composition in cynomolgus
monkeys. Compared to the 1.5 T magnetic field strength used by
Prescot et al. (2003) and Kunnecke et al. (2007) used a relatively
high magnetic field (4.7 T) to detect and quantify different
bile acid molecules, their taurine and glycine derivatives, and
phospholipids for the first time.

The NMR method is relatively simple, requires a small sample
size, has simple sample pretreatment steps, and avoids the
detection errors caused by extraction, derivatization, hydrolysis,
and purification. For example, the distribution of bile lipids in
micromicelles and vesicles can be measured by NMR, which can
provide information about the etiology of gallstone occurrence
that is not possible with ordinary analytical methods, because
other methods usually involve purification of the test substance.

Chromatography
Chromatography is a common separation and analysis method
that has a wide range of applications in analytical chemistry,
organic chemistry, biochemistry, and other fields. This method is
based on the slight difference in the distribution coefficient of the
separated material between the two phases (stationary and mobile
phases). This is a multistage separation technique. The principle
is that when the two phases are in relative motion, the measured

substance is repeatedly allocated between the two phases,
further expanding the original small difference between the
two and separating the components. According to the different
stationary and mobile phases, chromatography can be divided
into thin layer chromatography (TLC), HPLC, supercritical
fluid chromatography (SFC), liquid chromatography-mass
spectrometry (LC-MS), and GC-MS. The application of these
five methods for bile acid sample detection is described below.

Thin Layer Chromatography
Thin layer chromatography is a chromatography separation
technique that uses a support coated on the support plate as the
stationary phase (in bile acid detection, it is commonly coated
with silica) and an appropriate solvent as the mobile phase for the
separation, identification, and quantification of mixed samples. It
first appeared in the 1950s and was quickly widely used in the
separation and detection of fatty acids, amino acids, nucleotides,
and other substances (Stahl, 1956).

Thin layer chromatography can distinguish between free bile
acids and glycine- and taurine-conjugated bile acids, but it cannot
effectively detect and separate isomers of dihydroxyl-bound bile
acids, such as DCA and CDCA. TLC has low specificity and
cannot detect samples below 10 nmol per point; therefore, it
is often used to detect bile or mixed standard solutions. Based
on the basic TLC technique, two new techniques—2D TLC and
reversed-phase TLC—have been developed (Momose et al., 1998;
Onisor et al., 2010).

Since its conception and development, TLC technology
has been characterized by its simplicity, low cost, and good
repeatability. Owing to its lack of direct quantification and low
accuracy, it widely used in routine clinical analysis and bile
acid detection with low data requirements. When more accurate
detection is required, the following chromatographic methods are
selected (Poole, 2003).

High Performance Liquid Chromatography
High performance liquid chromatography is a widely used bile
acid detection technique. For bile acid detection in samples,
HPLC is performed with acetonitrile, ammonium formate,
and formic acid solution as the mobile phase. Using a high-
pressure infusion system, the pretreated samples and a mobile
phase containing bile acids is pumped into a stationary phase
chromatographic column (often as C18 reverse phase silica gel
column), where each component is separated in the column and
enters the detector for testing. An ultraviolet (UV) detector is
commonly used for sample analysis. In HPLC, the modification
of the chromatography method and the choice of detector
and column depend on the sample type and purpose of
the analysis. As the absorption of UV light by bile acids is
very weak, derivations are often required prior to detection.
However, detection of taurine and glycine combined with
bile acid derivations are relatively simple compared with GC,
and bile acids can be detected in the form of bile or other
biological fluids.

In 1976, Shaw and Elliott (1976) first used HPLC to
isolate and detect conjugated bile acids in human bile samples.
Owing to the wide application of HPLC, many optimization
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techniques have been developed. Shi et al. (2015) reacted with
2-bromo-4′-nitroacetophenone with a carboxyl group on free bile
acids under the catalysis of crown ether, resulting in a reaction
product with a conjugated structure that could be detected
sensitively by a UV detector at 263 nm. Onishi et al. (1982)
used the post-column reaction technique of immobilized 3α-
hydroxysteroid dehydrogenase to analyze bile acids using HPLC.

High performance liquid chromatography is highly sensitive
and simple to perform; however, it is time-consuming and
requires complex sample pretreatment, making it unsuitable for
large-scale sample detection. Moreover, this method is limited by
the matrix effect and the specificity of the detector coupled with
the low absorption efficiency of bile acids for UV requires the
selection of a lower wavelength UV light, which would aggravate
the impact of this effect; thus, it is not suitable for the detection
of complex samples, such as a variety of complex conjugated bile
acids (Liu et al., 2018).

Supercritical Fluid Chromatography
Supercritical fluid refers to a fluid whose temperature and
pressure are both higher than the critical point. Supercritical
fluids have the dual characteristics of liquids and gases. SFC
is similar to a separation and detection technology combined
with HPLC and GC.

The mobile phase of SFC is carbon dioxide in the
supercritical state. This is because the material has a relatively
low critical temperature (31.1◦C) and pressure (73.8 bar), is
non-flammable, chemically inert, low cost, and has no waste
problems (Scalia, 1995). In the supercritical state, carbon dioxide
exhibits a solvation intensity close to that of a liquid, and
can provide a lower viscosity and higher analyte diffusion
coefficient, which is more efficient per unit time. The most
interesting advantage is the flexibility of polarity. Polarity
can be easily increased by adding a polar solvent, such as
methanol. Therefore, the polarity of substances detected by
SCF can be very wide (log Pow = –4.6–7.05) (Ishibashi et al.,
2012). In 1991, Scalia and Games (1992) first used packed
column SFC to detect free bile acids in preparations later
applied this technique to detect conjugated bile acids in 1992
(Scalia and Games, 1993).

Owing to the small volume of gas generated by the mobile
phase, SCF may be more easily linked to mass spectrometry
than HPLC. In 2013, Taguchi et al. (2013), for the first time,
used supercritical fluid chromatography-mass spectrometry to
simultaneously detect 25 bile acids, including glycine- and
taurine-conjugated bile acids, in rat serum samples within
13 min. Compared with HPLC, the detection time of SFC
is shorter, the eluent has higher transparency at low UV
wavelengths, and can use a sensitive and universal flame
ionization detector. In contrast to GC, SFC is not limited by the
volatility and thermal instability of the compounds. However,
the SFC method has several disadvantages. The conjugated
dihydroxyl isomers cannot be completely separated, and the
reproducibility of the technique is lower than that of HPLC
because the temperature and pressure of the critical fluid under
the experimental conditions are not easily controlled. In addition,
as the detection of bile acids by GC and HPLC has been

relatively complete, SFC plays a less important role in the
detection of bile acids.

Liquid Chromatography-Mass Spectrometry
Liquid chromatography-mass spectrometry is the most widely
used technique for the detection of mixed bile acids because it can
separate isomers of bile acids (Gómez et al., 2020). The separation
ability was improved by using HPLC as a separation technique
and mass spectrometry as a detection technique instead of a
UV detector. The bile acids in the samples were separated
by HPLC, and qualitative analysis was carried out by mass
spectrometry using the ion mass-to-charge ratio. The principle
and characteristics of HPLC are essentially the same as those
mentioned above. In recent years, tandem mass spectrometry
(MS/MS) has been commonly used for mass spectrometry
analysis. Compared with first-order mass spectrometry, tandem
mass spectrometry can selectively analyze partial fragments of the
target, improving the sensitivity, accuracy, and signal-to-noise
ratio. The core components of the mass spectrometer mainly
include the ion source, mass analyzer, and ion detector (Yang
et al., 1997). In the detection of bile acid samples, the majority
of ion sources are electrospray ionization sources. Mass analyzers
are commonly used in time-of-flight mass analyzers, quadrupole
mass analyzers, and ion trap mass analyzers (Figure 3). While the
full scan mode can be used for the identification and qualitative
analysis of bile acids, selective ion monitoring (SIM) (Wegner
et al., 2017), selective reaction monitoring (SRM) (Fu et al.,
2020), and multiple reaction monitoring (MRM) (Tu et al.,
2020) modes in tandem mass spectrometry are more helpful for
the optimal selectivity and accurate quantification of bile acids
(Dutta et al., 2019).

Liquid chromatography-mass spectrometry usually has high
accuracy, with a detection limit usually of up to 0.1 ng/mL.
The method is usually linear in the detection range of 0.01–
1 µM. Biological samples used for bile acid detection mainly
include serum, plasma, bile, tissue homogenate, saliva, adipose
tissue, intestinal contents, urine, and feces. Before detection,
simple sample pretreatment and the addition of an appropriate
internal standard are needed for the quantitative detection of bile
acids. The main purpose of pretreatment is to remove proteins,
lipids, and inorganic salts. At present, protein precipitation,
solid-phase extraction, and liquid–liquid extraction are used for
sample treatment (Liu et al., 2018). The most commonly used
method for plasma or serum is the protein precipitation method,
which is simple in operation, requires less time, and is cost-
effective. Acetonitrile or methanol is used as the precipitant,
and the supernatant after high-speed centrifugation is used for
detection. The internal standard method involves adding a pure
bile acids of certain weight to the analysis sample as the internal
standard. There are a variety of internal standards, such as
deuterated bile acids (Alnouti et al., 2008; Bobeldijk et al., 2008;
Higashi et al., 2010; Jantti et al., 2014), norDCA (Kakiyama
et al., 2014), and dehydrocholic acid (Yang et al., 2017), among
them, deuterated bile acids are the most common used. Then,
chromatographic analysis of the sample containing the internal
standard is carried out to determine the peak area and relative
correction factor of the internal standard and the component
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to be measured, followed by quantitative detection of bile acids.
To obtaining quantitative data on bile acids in samples, it is
necessary to establish a standard curve. Bile acid calibration
standard is dissolved in methanol. Normal samples identical to
the samples to be tested are incubated with activated carbon to
remove the original bile acids, and the blank sample solution is
used as the biological matrix. The calibration standard curve can
be obtained by adding a certain amount of dissolved calibration
standard and testing it in the same way as the sample. The
content of bile acids in samples can be quantitatively detected by
combining the internal standard method with a standard curve
(Krautbauer et al., 2016).

In addition to the conventional detection of free bile acids
and glycine- and taurine-conjugated bile acids, this method
has been widely applied to the detection of other bile acid
derivatives. Ikegawa et al. (1999) developed a method for
the simultaneous determination of 24-glucuronide bile acid in
human urine by liquid chromatography-electrospray ionization-
mass spectrometry. Bathena et al. (2013) developed a method
for the simultaneous determination of bile acids and their
sulfuric acid metabolites in human serum and urine by
liquid chromatography-tandem mass spectrometry. Most LC-
MS methods take longer than 20 min and exhibit moderate
coverage of bile acid species (from 11 to 32 monitored species)
as mentioned below.

Compared with GC, the pretreatment process of LC-MS
is simple and less time-consuming. Compared with ordinary
HPLC, the mass spectrometry detector of LC-MS is more
expensive and complex. Although optimization of the mass
spectrometry parameters requires certain experience, it has
higher specificity, shorter detection time, and lower sample size,
making it suitable for large-scale clinical or pharmacological
toxicological detection (Kakiyama et al., 2014).

With accumulating new evidence on the involvement of
bile acids in a growing number of human physiological and
pathological conditions, there is renewed interest in improving
the measuring techniques for various bile acids in different
biological samples. Ultra-performance liquid chromatography-
tandem mass spectrometry (UPLC-MS/MS) is a new method
developed in the last 20 years (Sun et al., 2019; Hu et al.,
2020; Lawler et al., 2020). Using the theory and principle
of HPLC, UPLC has improved and innovated a number of
chromatographic technologies, including small particle fillers,
very low system volumes, and rapid detection methods,
which increase the flux, sensitivity, and chromatographic peak
capacity of analysis (Wang et al., 2015). In 2004, Waters
launched the world’s first newly developed UPLC instrument
(Plumb et al., 2004).

Han et al. (2015) developed an ultra-fast liquid
chromatography/multireaction monitoring-mass spectrometry
method for the separation and detection of 50 known bile acids.
High-throughput-compatible 96-well phospholipid-depletion
solid-phase extraction was adopted as a new sample preparation
method. A single analysis of human serum bile acid species
in the sub-nanometer concentration range has been achieved,
which is far more sensitive than the previous HPLC-MS/MS.
Sarafian et al. (2015) developed a 15-min UPLC method for

the separation of bile acids from human biological liquid
samples, requiring minimal sample preparation, for sensitive,
quantitative, and targeted analysis of 145 bile acids, including
primary, secondary, and tertiary bile acids. Among these, 57
bile acids were quantitatively measured using 16 marketable
stability markers.

Compared with HPLC, this method has a shorter detection
time, narrower peak width, lower detection limit, higher
retention capacity, and higher signal-to-noise ratio. The
application of UPLC technology has made a breakthrough in
liquid chromatography at a higher level. Through the efforts of
the majority of experimental workers in recent years, the UPLC
technology has seen wide application in all walks of life, proving
it to be feasible with broad application prospects.

Gas Chromatography-Mass Spectrometry
Gas chromatography refers to the gas mobile phase
chromatographic separation method. In the early years of
research, when GC/GC-MS had higher detection capabilities
than liquid chromatography and HPLC, GC and GC-MS were
the most commonly used bile acid detection techniques and were
regarded as a reference method (Scalia, 1995). GC was first used
in bile acid series analysis in 1960, and only four methyl bile acid
derivatives were detected (VandenHeuvel et al., 1960).

Bile acids contain functional groups, such as carboxyl,
hydroxyl, and oxo groups, and hydrogen bonds are formed
between the molecules (Dutta et al., 2019). Therefore, bile
acids have thermal instability and insufficient volatility for GC,
and the samples need to be derived in advance. The sample
needs to be fractionated in advance according to the different
binders, followed by the concentration and derivation steps,
which are time-consuming. The first step in the pretreatment
of samples is the dissociation of conjugates, wherein alkaline
hydrolysis (4 M sodium hydroxide, 115◦C, pressure 15 psi)
is commonly used to hydrolyze bile (Batta and Salen, 1999).
Other enzymes may also be used to hydrolyze the conjugates; for
example, glycine or taurine conjugates are usually hydrolyzed
with a choloylglycine hydrolase, and β-glucuronidase is used to
hydrolyze bile acid glucosides. The second step is transformation.
The carboxyl groups in bile acids are usually converted to
methyl esters, commonly using fresh diazomethane (Campbell
et al., 1975). In addition, anhydrous methanol hydrochloric
acid, methanol-5% sulfuric acid, or methyl alcohol in the
presence of p-toluenesulfonic acid may be used. The hydroxyl
groups in bile acids are often converted to trimethylsilyl
ether derivatives, usually using trimethylsilanylation
agents, such as N,O-bis(trimethylsilyl)acetamide and bis
(trimethylsilyl)trifluoroacetamide. Oxo functional groups are
susceptible to strict alkaline hydrolysis; therefore, in the presence
of bile acids containing Oxo functional groups, enzymes are
usually used to hydrolyze conjugated bile acids, which can
be detected without oxo functional group conversion or by
o-methyloxime or dimethylhydrazone conversion.

In order to prevent errors caused by sample pretreatment,
it is necessary to select an appropriate quantitative internal
standard for GC. Commonly used internal standards are
coprostanol (Setchell and Matsui, 1983), nor-deoxycholic acid
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(Child et al., 1987), 7α,12α-dihydroxy-5β-cholan-24-oic acid
(Bailey et al., 1987), Notably, bile acids labeled with stable
isotopes give the most accurate results (Sjövall et al., 1985).

One of the drawbacks of GC and GC-MS is that they are
very time-consuming in sample preparation, which involves
extraction, purification, hydrolysis, and derivatization, as well
as the inaccurate identification of stereoisomerization forms
of bile acids with a single gas column, which limits the
wide application of GC/GC-MS. The development of improved
separation procedures and their automation will increase the
analytical potential of capillary gas chromatography separation
capabilities. Compared with the latest electrospray HPLC-MS,
traditional GC and GC-MS have a lower sensitivity, and as a
result, they have been replaced.

Capillary Electrophoresis (Capillary
Micellar Electrokinetic Chromatography)
Capillary electrophoresis for the determination of bile acid
concentration is a new technique that appeared at the end of the
last century, but it is not commonly used in bile acid detection.
CE is a new type of liquid phase separation technology with
a capillary as the separation channel and a high-voltage DC
electric field as the driving force. CE consists of electrophoresis,
chromatography, and their cross content. The traditional
pressure driving force of chromatography is changed to a voltage
driving force. Capillary isokinetic electrophoresis and micellar
electrokinetic capillary chromatography are commonly used for
bile acid detection. Conductance detectors and indirect UV
absorption detectors are commonly used. Dimethylcyclodextrin
(D-β-CD) and trimethylcyclodextrin (T-β-CD) are often added
to the buffer solution to improve the selectivity of the analysis.

When the technology was first developed, it could only detect
pure bile acid samples or impurities in pure bile acid drugs.
For example, UDCA plays an important role in the treatment
of cholesterol calculi. Quaglia et al. (1997) detected UDCA and
its common impurities using high-performance capillary zone
electrophoresis (UPCE) combined with indirect UV absorption
detection. Yang et al. (2011) used capillary electrophoresis frontal
analysis (CEFA) to study the effects of four different bile salts,
cholate, deoxycholate, taurocholate, and monoketone cholate, on
membrane binding of the cationic model drug, proderol.

In recent years, this technique has been applied for the
detection of biological samples. Reijenga et al. (1983) used
isokinetic electrophoresis combined with a conductivity detector
and indirect UV absorption detector in a non-aqueous solvent
(95% methanol) to detect the amounts of various conjugated
bile acids in human bile. Yarabe et al. (1998) optimized the
indirect photometric method of capillary zone electrophoresis
(CZE) to detect the concentrations of 15 common bile acids in
human plasma samples for the first time. The addition of γ-
cyclodextrin to the running electrolyte significantly improved the
peak resolution; however, the sensitivity of bile acid detection
required further improvement.

Capillary electrophoresis has good separation capacity and
detection speed, but it is not as sophisticated as HPLC. Moreover,
these procedures are technically demanding and unreliable and

therefore not suitable for routine analysis of biological samples
(Scalia, 1995). In the future, with the improvement in detection
technology, CE may be comparable to traditional HPLC.

BILE ACID-RELATED DISEASES

Bile acid synthesis has extensive inter-individual variation; for
example, it is lower in women than in men, and is positively
correlated with serum triglyceride levels (Galman et al., 2011).
In addition to the individual differences in bile acids, various
diseases, such as hepatobiliary, gastrointestinal, metabolic, and
nervous system diseases, can also cause changes in the amount
or type of bile acid in the human body. Bile acids are produced
by the liver and are involved in the metabolism of intestinal
microorganisms in the gut. New evidence suggests that the
intestinal microflora are closely related to the risk, development,
and progression of gastrointestinal cancer and hepatocellular
carcinoma (Jia et al., 2018; Lee et al., 2020). Therefore, it is
of great significance to understand the interconnection between
the liver, bile acids, and digestive microflora. Using the relevant
techniques mentioned in the previous sections, we can monitor
changes in metabolism and diagnose or predict the occurrence of
related diseases.

Gastrointestinal Diseases
The intestinal tract is the main site where bile acids promote
the digestion and absorption of lipids. Secondary bile
acids are synthesized by intestinal flora via deconjugation,
dehydrogenation, and dehydroxylation. Therefore,
gastrointestinal diseases, such as inflammatory bowel disease
(IBD) and gastric cancer, are closely related to bile acid
metabolism in the body.

Inflammatory bowel disease is an idiopathic inflammatory
bowel disease involving the ileum, rectum, and colon. Clinical
manifestations include diarrhea, abdominal pain, and even
bloody stools. The disease includes ulcerative colitis (UC) and
Crohn’s disease (CD). Gut microbes metabolize bile acids, and
because of the ecological dysregulation that occurs in IBD, bile
acid metabolism is disrupted. Duboc et al. (2013) found that
fecal conjugated bile acid levels were significantly elevated and
secondary bile acid levels were significantly reduced in active
IBD. Interestingly, patients with active IBD had higher levels of 3-
OH-sulphated bile acids in their feces. Microbial deconjugation,
transformation, and desulfurization activities in patients with
IBD are impaired.

Gastric cancer is a malignant tumor originating from the
gastric mucosal epithelium, and the vast majority of gastric
cancers are adenocarcinomas. Gastric cancer has no noticeable
symptoms in the early stage or has non-specific symptoms, such
as upper abdominal discomfort and belching, which are often
similar to the symptoms of chronic gastric diseases, such as
gastritis and gastric ulcer, and are easily ignored. Therefore, the
rate of early diagnosis of gastric cancer is still low (Tan, 2019). In
the western world, it is most often diagnosed at an advanced stage,
after distant metastasis (Digklia and Wagner, 2016). Lee et al.
(2020) successfully analyzed 70 human gastric juice samples from
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patients with chronic superficial gastritis, intestinal metaplasia,
and gastric cancer, and studied the correlation between bile acid
metabolism and gastric cancer. According to the progression of
chronic superficial gastritis to intestinal metaplasia and gastric
cancer, there were statistical differences in the metabolism of
CA and DCA. Therefore, the progression of gastric cancer
may be related to changes in the composition of the intestinal
microbiome. This study provides insights into the etiological
mechanisms of gastric cancer progression and biomarkers for the
diagnosis and treatment of gastric cancer.

Hepatobiliary Diseases
Bile acids are produced in the liver, stored in the gallbladder,
and serve a function in the gut; only a small fraction enters the
blood circulation. In hepatobiliary disease, the bile acid levels in
the serum vary greatly. The membrane bile acid receptor TGR5
and the FXR of the nuclear hormone receptor FXR-α are not
only regulatory factors for the synthesis and transport of bile
acids, but also the transcription factors and the protection sensors
that are regulated by the bile acids, which induce protective
cell reactions of the liver and gastrointestinal tissues, regulating
inflammation, immune response, and liver regeneration (Jia
et al., 2018). Thus, the metabolic changes in the liver can be
reflected in the changes in bile acid contents and types, and the
detection of bile acid changes can be used for the diagnosis of
hepatobiliary diseases.

Bile deposition is a pathological physiological process caused
by the secretion of bile and excretion disorder. It is characterized
by an excessive accumulation of bile (in the liver and body
circulation), cholesterol, and bilirubin, which can cause damage
to liver cells and the body; moreover, long-term persistent
bile silting is caused by liver fibrosis and even cirrhosis (Li
et al., 2017). Bile flow damage causes bile deposition, which
is characterized by elevated bile acid levels in the liver and
serum, followed by liver cells, and biliary damage. The amide
proton region of 1H MR in human bile plays an important
role in distinguishing cholestasis patterns from normal ones.
Ijare et al. (2009) used this method to obtain bile from
normal bile ducts containing bile acids with taurine and glycine
conjugates, CA, CDCA, and DCA. A lack of glycine-bound
CDCA was observed in bile samples from patients with primary
sclerosing cholangitis.

Intrahepatic cholestasis of pregnancy (ICP) is a special
complication that occurs in the second and third trimesters of
pregnancy. It is characterized by itchy skin and elevated levels of
bile acid. It mainly harms the fetus and increases the morbidity
and mortality of perinatal children. ICP diagnosis involves a
liver anomaly examination. Its etiology is unknown and it
will get better during childbirth. Liver examination includes
measurement of liver transaminase, bilirubin, or bile acid levels.
Tribe et al. (2010) identified changes in bile acid spectra
during normal pregnancy and pregnancy with intrahepatic
cholestasis and pruritus and found that ICP was associated
with a significant increase in taurine- and glycine-conjugated
cholic acid levels after 24 weeks of gestation; ursodeoxycholic
acid (UDCA) therapy significantly reduced serum taurocholic
acid and taurodeoxycholic acid concentrations. In addition

to the serum bile acid test, urobile acids can also be used
to detect or exclude ICP. Huang et al. (2007) tested this
assay and found that urine bile acid sulfate (UBAS) ratio
from UBASTEC-AUTO could distinguish patients with ICP
from healthy pregnancies. At the same level of sensitivity,
urine bile acid sulfate has a higher specificity than non-
sulfuric urine bile acids. Nevertheless, Manzotti et al. (2019)
believe that serum TBA, serum bile acid spectrum, or both,
for the diagnosis of ICP is overestimated as the overall risk
of bias is high; additionally, there are concerns about the
applicability of the results in clinical practice, making it difficult
to make recommendations and draw final conclusions based on
available literature.

Urine and serum metabolomic analyses revealed bile
acids as potential biomarkers for primary biliary cirrhosis
(Kakiyama et al., 2013). Tang et al. (2015), using the ultra-high
performance liquid chromatography-quadrupole time-of-flight
mass spectrometry (UPLC/Q-TOF MS) method, showed that
bile acid levels increased with the progression of primary biliary
cirrhosis, and carnitine levels, such as that of propionate carnitine
and butyl carnitine, decreased with the progression of primary
biliary cirrhosis. Thus, they could be used to diagnose the onset
and progression of primary biliary cirrhosis.

Metabolic Disease
Low-grade tissue inflammation induced by obesity can lead
to insulin resistance, which is a key cause of type 2 diabetes.
Cells of the innate immune system produce cytokines and other
factors that impair insulin signaling, which contributes to the
link between obesity and the development of type 2 diabetes
(Lackey and Olefsky, 2016). As signaling molecules, bile acids
are involved in the regulation of energy metabolism and immune
response in vivo. Therefore, when obesity or type 2 diabetes
occurs, the bile acid pool in the body undergoes corresponding
changes. TBA concentrations were elevated in obese patients and
correlated with body mass index, but not with type 2 diabetes.
In patients with type 2 diabetes, both fasting and post-prandial
systemic TBA concentrations were found to be increased.
However, different qualitative components of bile acids have been
reported in different studies. Wu et al. (2015) found elevated
levels of nine metabolites in the serum of patients with type 2
diabetes, three of which were bile acids—taurochenodeoxycholic
acid, 12α-hydroxy-3-oxocholadienic acid, and glycocholic acid.
Wewalka et al. (2014) found that fasting serum taurine-
conjugated bile acid concentrations were higher in patients with
type 2 diabetes than in those with normal glucose tolerance
and were not associated with the intensification of insulin
levels, but with fasting and post-load glucose. Interestingly,
patients with insulin resistance, but not type 2 diabetes, showed
an increased 12α-hydroxylated:non-12α-hydroxylated bile acid
ratio (Chavez-Talavera et al., 2017).

Zheng et al. (2021) studied the association of HCA with
obesity and diabetes. They found a strong association between
metabolic disorders and HCA. The serum concentration of
HCA in obese or diabetic patients was lower than that in
healthy adults, and the serum HCA level was increased in post-
Sleeve Gastrectomy (SG) patients. They further demonstrated
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that low levels of HCA were found in the feces of prediabetic
patients and that increased concentrations of HCA after SG
predicted remission 2 years after diabetes, thus demonstrating
the feasibility of using HCA to assess the risk of future
metabolic diseases.

Bile acid levels also change after metabolic surgery. Roux-
en-Y gastric bypass (RYGB) surgery can alleviate type 2
diabetes; however, the mechanism of action is not fully
understood. Gerhard et al. (2013) found that after Roux-
en-Y Gastric Bypass (RYGB) surgery, FGF19 and bile acid
levels (especially that of cholic and deoxycholic acids) were
highly increased in diabetes-RYGB patients than in non-
diabetic or diabetes-non-RYGB patients, suggesting that the
FGF19-CYP7A1-BA pathway plays a role in the remission
of type 2 diabetes after RYGB surgery. Moreover, changes
in serum bile acid content can also be used to monitor
the therapeutic effect of type 2 diabetes drugs. For example,
after colesevelam treatment, CA synthesis was enhanced, but
CDCA and DCA levels decreased in patients with type 2
diabetes. Interestingly, the total content of hydrophobic bile
acids decreased, and the total bile acid pool remained stable
(Brufau et al., 2010).

Gestational diabetes is defined as diabetes with normal glucose
metabolism before pregnancy or diabetes with underlying glucose
tolerance that does not appear until or is diagnosed during
pregnancy. Gao et al. (2016) found that the levels of eight
bile acids, including two dihydroxy conjugated, one trihydroxy
unconjugated, and five sulfated bile acids, were significantly
increased in the serum of patients with gestational diabetes
compared with the control group. β-Muricholic acid (β-MCA)
and dihydroxy conjugated bile acids were identified as the most
suitable metabolic markers for the diagnosis and differential
diagnosis, respectively, of gestational diabetes.

Cardiovascular Disease
Metabolic syndrome is an increasingly worldwide public health
problem. It refers to the pathological state of metabolic
disorder of proteins, fats, carbohydrates and other substances
in human body. It is a group of complex metabolic disorder
syndrome. Metabolic syndrome is a constellation of five clinical
symptoms, hypertension, hyperglycemia, hypertriglyceridemia,
insulin resistance, and obesity (Porez et al., 2012; Spinelli
et al., 2016). In addition to metabolic diseases such as
diabetes mentioned above, cardiovascular diseases are also an
important component. Pushpass et al. (2021) suggest that
bile acids may be the link between gut microbiome and
cardiovascular health. Although results from human studies
have been inconsistent, there is growing evidence that these
dietary components are associated with improvements in lipid
cardiovascular disease risk markers, which may be related
to the regulatory role of gut microbiota and bile acid
metabolism. These include an increase in newly synthesized
bile acids due to bile chelation, the metabolic activity of
bile salts, and short-chain fatty acids produced by bacterial
fermentation of fibers. Desai et al. (2017) propose that the
decreased expression of Pgc1α is associated with metabolic
dysfunction in cholecystitis, and that lowering serum bile

acid concentration helps to inhibit cardiac metabolic and
pathological changes.

Nervous System Disease
Recent studies have shown that bile acid signaling plays a
broad role in the central nervous system. Some bile acids,
such as taurine DCA and UDCA, have shown neuroprotective
potential in a number of experimental animal models and
clinical studies on neurological diseases (Grant and DeMorrow,
2020). Recent epidemiological and molecular studies have shown
that disruption of cholesterol homeostasis is associated with
an increased risk of Alzheimer’s disease. In addition, brain
cholesterol accumulation contributes to the progression of
hepatic encephalopathy through the role of bile acid-mediated
FXR. Targeting the gut microbiome–bile acid–brain axis may
be a novel strategy against Alzheimer’s disease and hepatic
encephalopathy. However, further research on this axis is still
needed to fully understand and treat Alzheimer’s disease and
hepatic encephalopathy (Jia et al., 2020).

CONCLUSION AND PERSPECTIVES

In summary, there are a number of bile acid detection methods;
LC-MS and its derivatives are used as the mainstream techniques
in laboratory research, while enzyme analysis for the detection
of TBA is also being used in clinical diagnosis. Each of these
methods has its own advantages and disadvantages, and the
applicable conditions are different. The relationship between
disease and bile acid metabolism has also becoming clearer with
progress in research; however, there is still much to be learned.
In terms of scientific research and technology, whether there
are some properties of bile acids that have not been used in the
existing detection method or whether emerging technologies can
be used in the detection of bile acids needs to be addressed, in
clinical diagnosis, studies are required to improve the sensitivity
and specificity of these techniques, making them suitable for
application in the diagnosis, identification, and even prediction
of diseases. Such techniques when applied to the clinic will benefit
humanity, with far-reaching significance, and further studies are
needed to explore their potential.
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The Gut Microbiota in Liver
Transplantation Recipients During the
Perioperative Period
Zhiyong Lai 1*†, Zongkun Chen2†, Anhong Zhang1, Zhiqiang Niu1, Meng Cheng2,
Chenda Huo2 and Jun Xu1*

1Department of Hepatobiliary and Pancreatic Surgery and Liver Transplant Center, the First Hospital of Shanxi Medical University,
Taiyuan, China, 2Shanxi Medical University, Taiyuan, China

Background: Chronic liver disease is a global problem, and an increasing number of
patients receive a liver transplant yearly. The characteristics of intestinal microbial
communities may be affected by changes in the pathophysiology of patients during
the perioperative.

Methods:We studied gut fecal microbial community signatures in 37 Chinese adults using
16S rRNA sequencing targeting V3-V4 hypervariable regions, with a total of 69 fecal
samples. We analyzed the Alpha and Beta diversities of various groups. Then we
compared the abundance of bacteria in groups at the phylum, family, and genus levels.

Results: The healthy gut microbiota predominantly consisted of the phyla Firmicutes and
Bacteroidestes, followed by Proteobacteria and Actinobacteria. Compared with healthy
people, due to the dominant bacteria in patients with chronic liver disease losing their
advantages in the gut, the antagonistic effect on the inferior bacteria was reduced. The
inferior bacteria multiplied in large numbers during this process. Some of these significant
changes were observed in bacterial species belonging to Enterococcus, Klebsiella, and
Enterobacter, which increased in patients’ intestines. There were low abundances of
signature genes such as Bacteroides, Prevotella, and Ruminococcus. Blautia and
Bifidobacterium (considered probiotics) almost disappeared after liver transplantation.

Conclusion: There is an altered microbial composition in liver transplantation patients and
a distinct signature of microbiota associated with the perioperative period.

Keywords: chronic liver disease, liver transplantation, gut, microbial composition, alpha diversities, beta diversities

INTRODUCTION

Around 2 million deaths annually are attributable to liver disease worldwide: 1 million dues to
cirrhosis and 1 million due to viral hepatitis and hepatocellular carcinoma (GBD 2017 Cirrhosis
Collaborators, 2020). Cirrhosis is the 11th most common cause of death and the third leading cause
of death among people aged 45–64 years. With liver cancer, cirrhosis accounts for 3.5% of global
deaths (Asrani et al., 2019). Liver disease affects 1.3 billion people worldwide. Chronic liver disease
and cirrhosis cause 44,000 deaths in the United States and 2 million deaths worldwide every year
(Mokdad et al., 2014; Tapper et al., 2018). Asia is one of the regions with the highest prevalence of
liver diseases. In China alone, 300 million people are affected, making the country a global leader in

Edited by:
Sanyuan Hu,

Shandong University, China

Reviewed by:
Dong Sun,

Shandong University, China
Oscar Medina-Contreras,

Federico Gómez Children’s Hospital,
Mexico

*Correspondence:
Zhiyong Lai

609774722@qq.com
Jun Xu

junxutytg@163.com

†These authors have contributed
equally to this work

Specialty section:
This article was submitted to

Metabolic Physiology,
a section of the journal
Frontiers in Physiology

Received: 13 January 2022
Accepted: 01 March 2022
Published: 01 April 2022

Citation:
Lai Z, Chen Z, Zhang A, Niu Z,

Cheng M, Huo C and Xu J (2022) The
Gut Microbiota in Liver Transplantation

Recipients During the
Perioperative Period.

Front. Physiol. 13:854017.
doi: 10.3389/fphys.2022.854017

Frontiers in Physiology | www.frontiersin.org April 2022 | Volume 13 | Article 8540171

ORIGINAL RESEARCH
published: 01 April 2022

doi: 10.3389/fphys.2022.854017

111

http://crossmark.crossref.org/dialog/?doi=10.3389/fphys.2022.854017&domain=pdf&date_stamp=2022-04-01
https://www.frontiersin.org/articles/10.3389/fphys.2022.854017/full
https://www.frontiersin.org/articles/10.3389/fphys.2022.854017/full
https://www.frontiersin.org/articles/10.3389/fphys.2022.854017/full
http://creativecommons.org/licenses/by/4.0/
mailto:609774722@qq.com
mailto:junxutytg@163.com
https://doi.org/10.3389/fphys.2022.854017
https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/journals/physiology#editorial-board
https://doi.org/10.3389/fphys.2022.854017


the prevalence of liver diseases. The incidence of cirrhosis is the
leading cause of associated mortality and morbidity. The annual
mortality rate is more than 1million, which has increased in some
countries (Rowe, 2017; Wang et al., 2014).

Cirrhosis is the terminal phase of liver disease. In the absence
of liver transplantation, patients face dire outcomes. Innovations
in surgical equipment and the development of new
immunosuppressants have increased the success rate of liver
transplantation and prolonged postoperative survival.
Nevertheless, in all patients with liver disease, the proportion
of malnutrition is as high as 25%–56% and 65%–90% in patients
with advanced liver cirrhosis (Yao et al., 2018). There are many
factors leading to malnutrition, including nausea, anorexia,
alterations in taste receptors, loss of appetite, reduced oral
intake of energy and protein, increased basal metabolic rate,
unnecessary fasting, and restricted diet.

Under the influence of many factors, the intestinal microbiota
of patients with liver disease is significantly different from that of
ordinary people. The most dominant bacterial phyla in the
human gut are Firmicutes, Bacteroidetes, Actinobacteria, and
Proteobacteria, and the most recorded bacterial genera are
Bacteroides, Clostridium, Peptococcus, Bifidobacterium,
Eubacterium, Ruminococcus, Faecalibacterium, and
Peptostreptococcus (Shapira, 2016). It is well known that
human intestinal microbiota is a substantial bacterial library,
and there are trillions of microorganisms in 1 G of feces
(Turnbaugh et al., 2009). Throughout evolutionary history,
humans have developed a symbiotic relationship with bacteria,
which protect the gut by providing the host with essential
vitamins and nutrients (Schnabl et al., 2014). The gut
microbiota performs several essential functions, including
protection from pathogens by colonizing mucosal surfaces and
creation of various antimicrobial substances, enhancing the
immune system, playing a vital role in digestion and
metabolism, controlling epithelial cell proliferation and
differentiation, modifying insulin resistance, and affecting its
secretion, influencing brain-gut communication, and thus
affecting the mental and neurological functions of the host. In
brief, the gut microbiota plays a significant role in maintaining
normal gut physiology and health (Zheng et al., 2019; Kelly et al.,
2015; Mills et al., 2019; Rothschild et al., 2018; Wiley et al., 2017).

The balance between microorganisms parasitic in the human
intestinal tract may be destroyed, resulting in
adrenoleukodystrophy, inflammatory bowel disease, infections,
autism, Parkinson’s disease, and cancer. However, 20%–60% of
bacteria in the human body cannot be cultured with current
methods (Kwong et al., 2021). Sequence analysis of 16S rRNA
identified several hundred bacterial species in the intestinal
ecosystem, most of which cannot be cultured.

Therefore, in this study, 16S rRNA amplicon sequencing was
used to analyze the diversity of intestinal microbiota in patients
undergoing liver transplantation, to compare the differences of
intestinal microbiota between patients undergoing liver
transplantation and healthy people. Systematic bacterial profile
analysis was carried out at the highest taxonomic level (L2) and
the lowest possible in this research method (L6) to obtain a
general picture and a detailed analysis of differences in the gut

microbiota composition. We explored the impact of intestinal
microbiota on patients undergoing liver transplantation and its
possible mechanisms to provide a theoretical basis for fecal
bacterial transplantation in the future.

MATERIALS AND METHODS

Study Population and Sample Collection
The gut fecal microbial community signatures of 37 Chinese
adults were studied for 69 fecal samples. Stool samples were
collected from the First Hospital of Shanxi Medical University in
2020–2021. The entire study design and procedures involved
were established following the Declaration of Helsinki. Written
informed consent forms were signed before the time of sample
collection. The Ethics Committee of the First Hospital of Shanxi
Medical University approved the protocols. We excluded
participants suffering from any symptoms of constipation,
bloody stool, diarrhea, or other gastrointestinal disease and
those who were administered antibiotics (oral or injectable) in
the previous 3 months. In addition, all liver transplant patients in
the study were used the same Immunosuppressant treatment
regimen, including Tacrolimus, Sirolimus, Mycophenol ethyl
ester, and Methylprednisolone, and all patients were used
Cefoperazone sodium sulbactam sodium to prevent infection
during the perioperative period. Furthermore, abdominal
drainage fluid were cultured daily after liver transplantation,
and the Antibiotic treatment strategy was adjusted according
to the results of bacterial culture of drainage fluid. All stool
samples were collected within 4 h. Stool samples were collected in
sterile containers provided to the volunteers and were stored at
−80°C. Sampling was performed using all standard protocols and
regulations. Our analysis was conducted on a total of 69 fecal
samples subdivided as follows: before liver transplantation (BLT,
16 samples); liver transplantation 1 week (LT1W, 16 samples);
liver transplantation 2 weeks (LT2W, 16 samples); and control
group (CG, 21 samples).

Sampling and DNA Extraction
Upon collection, fecal samples were frozen at −80°C immediately
upon collection and stored for later use. At the beginning of the
experiment, 180–200 mg of each sample was weighed out and
transferred to a 2-ml centrifuge tube, which was then placed on
ice. According to the manufacturer’s instructions, DNA was
extracted from the samples using the FastDNA® Spin Kit for
Soil (MP Biomedical, LLC, catalog 116560-200). We used
Nanodrop to measure the extracted nucleic acid
concentrations and stored samples at −80°C.

16S rRNA Gene Amplicon Sequencing
For sequencing, isolated fecal DNA was used as a template for
amplification, and the V4 region of 16S rRNA was amplified by
performing PCR assays using the universal bacterial primer set
342F (5′-CCTACGGGAGGCAGCAG-3′) and 806R (5′-
GGACTACHVGGGTWTCTAAT-3′). The PCR reaction
triplicate 50 μL mixture contained 5 μL of 10X Taq DNA
polymerase PCR buffer, 1 μL of dNTP mix, 0.5 μL of Taq
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DNA polymerase, 2 μL of each primer (10 μM), and 10 ng/μL
DNA. The reaction steps were as follows: initialized at 94°C for
5 min, 32 cycles at 94°C for 30 s, 53°C for 30 s and 72°C for 1 min
and final extension at 72°C for 5 min. According to the
manufacturer’s instructions, the resulting PCR products were
purified via separation on a 2% agarose gel, followed by DNA
isolation using the GeneJETTM Gel Extraction Kit (Thermo
Scientific). According to the manufacturer’s instructions, the
purified DNA was quantified using Ion Plus Fragment Library
Kit (Life Technologies) and generated sequencing libraries. The
partial 16S rRNA genes were sequenced on an Ion S5 Sequencing
platform (Sun et al., 2017).

Bioinformatics Analysis and Statistical
Processing
16S rRNA sequencing data were processed using QIIME 2 software.
After the original data were sequenced off the machine, FastQC
software preprocessed the data, deleted incorrect sequences, and had
quality control. Then, the DADA2 and Deblur method was used to
perform denoising, remove low-quality sequences, short sequences,
and chimera sequences in the data. This process retained 40–60%
sequences (the length of 300–600 bp) and generated a feature table
and representative sequences for downstream analysis. In the case of
non-normal distribution, the Kruskal-Wallis analysis of variancewas
used to calculate variability between the four study groups. The
Wilcoxon rank-sum test was used to analyze variability between the
two study groups. Alpha and Beta diversities were evaluated using
QIIME software, and differences were significant at p < 0.05.

Usearch was used to bin reads into operational taxonomic
units (OTUs) with a 0.97 identity cut-off. Samples with more
sequenced reads had more observed OTUs (Spearman’s rank
correlation analysis) when all reads were binned into OTUs.
Thus, we randomly chose reads with the same number (10,000)
and then identified representative OTU reads. Finally, we
mapped all randomly chosen reads against representative OTU
reads to obtain the OTU composition of all samples. Diversity
and richness calculation. Shannon, Simpson, and invsimpson
indices were calculated using the “vegan” package in R with a
normalized OTU matrix. The observed species, Chao1, and ICE
indices were calculated using the “fossil” package in R with a non-
normalized OTU matrix. The Hellinger distance was calculated
using the “topicmodels” package in R. The JSD distance was
calculated using a custom R script provided by the European
Molecular Biology Laboratory enterotyping tutorial (http://
enterotype.embl.de/enterotypes.html) (Sun et al., 2017).

Alpha diversity index (Shannon Diversity Index, Observed
Species, Chao 1) was calculated and displayed using QIIME2
(2020.6.0) and R software (v 4.0.2). To evaluate the sequencing
depth and status of sampling, the coverage of GOOD was
calculated, and rarefaction curves were constructed. Based on
OTU abundance and system development branch length,
unweighted UniFrac distances were used in QIIME to
calculate Beta diversity between samples. Principal coordinates
analysis (PCoA) was performed using vegan (v 2.4–4), ggplot2 (v
3.2), and stats (v 3.6.2) packages. Alpha diversity analysis was
performed using R (v 4.0.2, 2020.6), with Wilcoxon Rank-Sum

test, Kruskal-Wallis Rank-Sum test, and Spearman correlation
analysis. Permutation multivariate analysis of variance
(PERMANOVA) and the Wilcoxon Rank-Sum test were used
to test the significance of the community composition and
structural differences among the groups.

Clusters of Orthologous Genes and
Pathway Profiles
COG profiles were constructed using PICRUSt (v 2.3.0-Beta)
genome prediction software. First, our custom representative
OTU reads were aligned against the Greengenes v.13.5
database 16S rRNA Fasta reference database, and the
abundances of representative OTU reads from the same 16S
rRNA reference were summed. The reference profile normalized
by the 16S rRNA copy number was used to predict the COG
profile, and PICRUSt2 software was used to determine the
abundance of COG pathways and modules. Finally, R software
calculated the top 20 taxonomic phyla and family abundances.

RESULTS

Quality Control
The gut microbiota signatures of 37 Chinese adults were studied
using 16S rRNA sequencing targeting V3-V4 hypervariable
regions. FastQC was used to control the length and quality of
sequencing data. If the sequencing data were V3 and V4 regions,
the data with a length between 300 and 600 nt were retained, and
if the sequencing data were V3 regions, the data with a length
between 100 and 300 nt were retained. The sequences with
similarities above 97% were divided into an operational
taxonomic unit (OTU).

According to the results of OTUs analysis, we obtained a total
of 3713 OTUs, including 1553 OTUs unique to CG group, 792
OTUs unique to BLT group, 502 OTUs unique to LT1W group
and 375 OTUs unique to LT2W group (Figure 1). The top 10
OTUs unique to CG: OTU89 (d__Bacteria; p__Bacteroidota;
c__Bacteroidia; o__Bacteroidales; f__Bacteroidaceae;
g__Bacteroides), OTU101 (d__Bacteria; p__Firmicutes;
c__Bacilli; o__Erysipelotrichales; f__Erysipelotrichaceae;
g__Dubosiella; s__Uncultured_bacterium), OTU119
(d__Bacteria; Alloprevotella), OTU187 (d__Bacteria;
p__Bacteroidota; c__Bacteroidia; o__Bacteroidales;
f__Prevotellaceae; g__Prevotella), OTU213 (d__Bacteria;
p__Bacteroidota; c__Bacteroidia; o__Bacteroidales;
f__Bacteroidaceae; g__Bacteroides; s__Bacteroides_stercoris);
The top 10 OTUs unique to BLT group:OTU41 (d__Bacteria;
p__Bacteroidota; c__Bacteroidia; o__Bacteroidales;
f__Bacteroidaceae; g__Bacteroides; s__Bacteroides_plebeius),
OTU63 (d__Bacteria; p__Fusobacteriota; c__Fusobacteriia;
o__Fusobacteriales; f__Fusobacteriaceae; g__Fusobacterium;
s__Fusobacterium_mortiferum), OTU118 (d__Bacteria;
p__Bacteroidota; c__Bacteroidia; o__Bacteroidales;
f__Prevotellaceae; g__Prevotella), OTU147 (d__Bacteria;
p__Firmicutes; c__Clostridia; o__Oscillospirales;
f__Ruminococcaceae; g__Faecalibacterium), OTU162
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(d__Bacteria; p__Verrucomicrobiota; c__Verrucomicrobiae;
o__Verrucomicrobiales; f__Akkermap__Firmicutes;
c__Clostridia; o__Oscillospirales; f__Ruminococcaceae;
g__CAG-352; s__uncultured_bacterium), OTU120
(d__Bacteria; p__Bacteroidota; c__Bacteroidia;
o__Bacteroidales; f__Bacteroidaceae; g__Bacteroides;
s__Bacteroides_coprophilus), OTU146 (d__Bacteria;
p__Firmicutes; c__Negativicutes; o__Veillonellales-
Selenomonadales; f__Selenomonadaceae; g__Megamonas),
OTU151 (d__Bacteria; p__Bacteroidota; c__Bacteroidia;
o__Bacteroidales; f__Bacteroidaceae; g__Bacteroides), OTU158
(d__Bacteria; p__Proteobacteria; c__Gammaproteobacteria;
o__Enterobacterales; f__Enterobacteriaceae; g__Escherichia-
Shigella), OTU173 (d__Bacteria; p__Bacteroidota;
c__Bacteroidia; o__Bacteroidales; f__Prevotellaceae; g__
nsiaceae; g__Akkermansia), OTU167 (d__Bacteria;
p__Firmicutes; c__Clostridia; o__Oscillospirales;
f__Ruminococcaceae; g__Faecalibacterium), OTU169
(d__Bacteria; p__Bacteroidota; c__Bacteroidia;
o__Bacteroidales; f__Bacteroidaceae; g__Bacteroides;
s__Bacteroides_stercoris), OTU183 (d__Bacteria;
p__Bacteroidota; c__Bacteroidia; o__Bacteroidales;
f__Prevotellaceae; g__Prevotella), OTU199 (d__Bacteria;
p__Bacteroidota; c__Bacteroidia; o__Bacteroidales;
f__Prevotellaceae; g__Prevotella), OTU218 (d__Bacteria;
p__Firmicutes; c__Clostridia; o__Oscillospirales;
f__Ruminococcaceae; g__Faecalibacterium); The top 10 OTUs
unique to LT1W group: OTU73 (d__Bacteria; p__Proteobacteria;
c__Gammaproteobacteria; o__Enterobacterales;
f__Enterobacteriaceae; g__Escherichia-Shigella), OTU108
(d__Bacteria; p__Firmicutes; c__Bacilli; o__Lactobacillales;
f__Enterococcaceae; g__Enterococcus), OTU154 (d__Bacteria;
p__Proteobacteria; c__Gammaproteobacteria;
o__Pseudomonadales; f__Moraxellaceae; g__Acinetobacter;
s__Acinetobacter_baumannii), OTU170 (d__Bacteria;
p__Firmicutes; c__Bacilli; o__Lactobacillales;
f__Lactobacillaceae; g__Lactobacillus), OTU174 (d__Bacteria;
p__Actinobacteriota; c__Actinobacteria; o__Bifidobacteriales;
f__Bifidobacteriaceae; g__Bifidobacterium;
s__Bifidobacterium_breve), OTU200 (d__Bacteria;
p__Firmicutes; c__Negativicutes; o__Veillonellales-
Selenomonadales; f__Veillonellaceae; g__Veillonella), OTU245
(d__Bacteria; p__Actinobacteriota; c__Coriobacteriia;
o__Coriobacteriales; f__Atopobiaceae; g__Olsenella), OTU265
(d__Bacteria; p__Actinobacteriota; c__Actinobacteria;
o__Bifidobacteriales; f__Bifidobacteriaceae; g__Bifidobacterium;
s__Bifidobacterium_breve), OTU270 (d__Bacteria;
p__Firmicutes; c__Negativicutes; o__Veillonellales-
Selenomonadales; f__Veillonellaceae; g__Veillonella), OTU280
(d__Bacteria; p__Firmicutes; c__Clostridia;
o__Peptostreptococcales-Tissierellales; f__Peptostreptococcales-
Tissierellales; g__Parvimonas); The top 10 OTUs unique to
LT2W group: OTU29 (d__Bacteria; p__Proteobacteria;
c__Gammaproteobacteria; o__Enterobacterales;
f__Enterobacteriaceae), OTU62 (d__Bacteria;
p__Proteobacteria; c__Gammaproteobacteria;
o__Enterobacterales; f__Yersiniaceae; g__Serratia),OTU74

(d__Bacteria; p__Proteobacteria; c__Gammaproteobacteria;
o__Enterobacterales; f__Yersiniaceae; g__Serratia), OTU79
(d__Bacteria; p__Proteobacteria; c__Gammaproteobacteria;
o__Enterobacterales; f__Yersiniaceae; g__Serratia), OTU178
(d__Bacteria; p__Proteobacteria; c__Gammaproteobacteria;
o__Enterobacterales; f__Enterobacteriaceae), OTU196
(d__Bacteria; p__Proteobacteria; c__Gammaproteobacteria;
o__Enterobacterales; f__Enterobacteriaceae; g__Klebsiella),
OTU197 (d__Bacteria; p__Proteobacteria;
c__Gammaproteobacteria; o__Enterobacterales;
f__Enterobacteriaceae; g__Enterobacter), OTU228
(d__Bacteria; p__Proteobacteria; c__Gammaproteobacteria;
o__Enterobacterales; f__Enterobacteriaceae), OTU231
(d__Bacteria; p__Proteobacteria; c__Gammaproteobacteria;
o__Enterobacterales; f__Enterobacteriaceae; g__Enterobacter),
OTU250 (d__Bacteria; p__Proteobacteria;
c__Gammaproteobacteria; o__Enterobacterales;
f__Enterobacteriaceae).

We counted the number of sequences contained in all OTUs in
each sample, sorted OTUs from high to low according to
abundance, and generated rank abundance curves (Figure 1).
In terms of horizontal axis distribution, CG was relatively wider
than the other three groups, suggesting that the species
distribution of CG is more abundant; From the vertical axis
distribution, the curves distribution of CG were gentle downward
compared with the other three groups, suggesting that the
uniformity of species composition in the healthy control group
is relatively high. LT1W and LT2W groups were considerably
narrow on the horizontal axis, suggesting that the species
abundance of the two groups is low, and the vertical axis was
steep, suggesting that the species distribution uniformity is poor.

Diversity Analysis
Alpha Diversity Analysis
Alpha diversity was quantified using the Chao1 index, observed
features, and Shannon diversity indexes, which relate OTU richness
and evenness and the total number of observed species. Evaluation of
taxonomic pattern of gut microbiota in liver transplantation patients
showed that the alpha-diversity calculated using chao1 index was
higher in the control group, reflecting a reduction of gut microbiota
diversity following liver transplantation (Figure 2). The Chao1 of
CG and BLT groups were significantly higher than those of other
groups, while the Chao1 of LT1W and LT2W groups was relatively
low (Table 1). The species richness of CG was significantly higher
than the BLT group (p < 0.05). The species richness in the LT1W
and LT2W groups was significantly lower than that of the other two
groups (p < 0.05). Interestingly, there was no significant difference
between LT1W and LT2W groups (p > 0.05). As indicated in the
Shannon index, there were significant differences in microbial
community abundances between transplant patients and healthy
controls (Table 2). As we expected, observed features showed similar
results (Table 3). An evident difference in the gut microbiota was
observed at all taxonomic levels between these four groups. These
findings suggest that a decrease in taxonomic diversity characterizes
gut microbiota in liver transplant patients. The difference between
the BLT and CG groupsmay be related to liver disease. Chronic liver
disease severely affects appetite and digestive function, and it is

Frontiers in Physiology | www.frontiersin.org April 2022 | Volume 13 | Article 8540174

Lai et al. Gut Microbiota in Liver Transplantation

114

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


challenging to avoid severe ascites, the end stage of liver disease,
which further affects intestinal peristalsis and causes bacterial
translocation. The intestinal diversity of postoperative patients has
been substantially destroyed, whichmay be related to antibiotics and
immunosuppressants. About a week after surgery, the patients began

eating by mouth, and the dosage of antibiotics began to decrease. It
can be seen from the figure that the microbial richness of the LT2W
group began to rise comparedwith the LT1Wgroup.We believe that
this is the signal that intestinal function and microecology begin to
recover.

FIGURE 1 | Venn diagram and rank abundance curves for all groups at the OTU level. A = BLT, B = LT1W, C = LT2W, and D = CG. Species accumulation curves
were used to determine the sampling depth. The sample diversity and degree of uniformity were measured using the rank abundance curve method.

FIGURE 2 | Alpha diversity between liver transplantation patients. Comparison of Boxplots depicting chao1 (A), observed-features (B), and Shannon index (C).
Diversity among CG (n = 21), BLT (n = 16), LT1W (n = 16), and LT2W (n = 16) groups.
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Beta Diversity Analysis
Beta diversity (the degree of pair-wise similarity in the species
composition among populations) was assessed using PCoA on the
unweighted UniFrac metric. The calculation was based on
unweighted UniFrac distance matrices constructed to demonstrate
the overall dissimilarity of bacterial communities in the four groups of
individuals from the Chinese population (Figure 3). According to
PCoA,CGandBLT groups are highly coincident, the BLT group only
partially overlaps with LT1W and LT2W groups, and the LT1W and
LT2W groups almost wholly coincide. PERMANOVA demonstrates
that CG and BLT groups show significant differences in Beta
diversity, and the BLT group has significant in Beta diversity with
the LT1W and LT2W group; by contrast, the difference of Beta
diversity between LT1W and LT2W groups is not substantial
(Figure 3).

Species Composition
Phylum Level (L2)
At the phylum level, the Firmicutes and Bacteroidetes prevailed in
all groups (Figure 4A), with relative abundances of 57.502% and
37.379% (CG), 48.834% and 40.617% (BLT group), 48.018%, and
25.594% (LT1W group), 37.168% and 26.072% (LT2W group)
(Table 4). Moreover, the relative abundances of Chloroflexi,
Nitrospirota, and Crenarchaeota were lower or even completely
absent after liver transplantation, decreasing significantly 2 weeks
after surgery. After liver transplantation, the relative abundance of
Proteobacteria was significantly higher (p < 0.05). Microbiota of
healthy volunteers was characterized by higher levels of
Deferribacterota and Parabasalia, while gut microbiota from the
BLT, LT1W, and LT2W groups contained none. The

TABLE 1 | Chao 1 index analysed with Kruskal-Wallis rank sum.

Group 1 Group 2 H p-value q-value

BLT (n = 16) CG (n = 21) 8.130687 0.004352 0.005223
BLT (n = 16) LT1W (n = 16) 9.558144 0.001991 0.002986
BLT (n = 16) LT2W (n = 16) 9.559897 0.001989 0.002986
CG (n = 21) LT1W (n = 16) 17.64841 2.66E-05 7.97E-05
CG (n = 21) LT2W (n = 16) 19.49565 1.01E-05 6.05E-05
LT1W (n = 16) LT2W (n = 16) 0.128337 0.720162 0.720162

TABLE 2 | Shannon entropy analysed with Kruskal-Wallis rank sum.

Group 1 Group 2 H p-value q-value

BLT (n = 16) CG (n = 21) 6.015038 0.014184 0.021277
BLT (n = 16) LT1W (n = 16) 6.1875 0.012866 0.021277
BLT (n = 16) LT2W (n = 16) 4.454545 0.034808 0.04177
CG (n = 21) LT1W (n = 16) 17.8985 2.33E-05 6.99E-05
CG (n = 21) LT2W (n = 16) 17.8985 2.33E-05 6.99E-05
LT1W (n = 16) LT2W (n = 16) 0.171875 0.678451 0.678451

TABLE 3 | Observed features analysed with Kruskal-Wallis rank sum.

Group 1 Group 2 H p-value q-value

BLT (n = 16) CG (n = 21) 8.483148 0.003585 0.004301
BLT (n = 16) LT1W (n = 16) 9.102588 0.002552 0.003829
BLT (n = 16) LT2W (n = 16) 9.329862 0.002254 0.003829
CG (n = 21) LT1W (n = 16) 17.39583 3.03E-05 9.10E-05
CG (n = 21) LT2W (n = 16) 19.3605 1.08E-05 6.49E-05
LT1W (n = 16) LT2W (n = 16) 0.102816 0.748476 0.748476

FIGURE 3 | Beta diversity of gut microbial communities in liver transplantation patients and healthy participants. Principal coordinates analysis plot based on
unweighted UniFrac distance. Each dot represents one sample from each group. The unweighted UniFrac patterns indicate that the liver transplantation and healthy
individuals cluster separately, representing 15.67% and 10.36% (A), 24.38% and 16.54% (B), 20.54% and 15.09% (C), and 26.48% and 9.71% (D) of the total variance
on the x-axis and y-axis, respectively. The distance between dots on the plot indicates the degree of similarity of taxonomic composition of the samples. Charts
(E–H) show the distance between groups and within groups, p < 0.05 indicating that the beta diversity between groups was significant.
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Actinobacteriota began to appear in the BLT group, and then its
proportion increased dramatically in the LT1W group.
Interestingly, Actinobacteriota almost disappeared in the
LT2W group.

Family Level (L5)
At the family level, the gut microbiota of liver transplantation
patients contained high levels of the following: Bacteroidaceae,
Ruminococcaceae, Lachnospiraceae, Prevotellaceae, and

FIGURE 4 | The relative abundance of gut bacteria in liver transplantation patients and healthy participants. (A) Relative percentage of most abundant phyla in each
sample between liver transplantation patients (n = 16) and healthy individuals (n = 21). (B) Relative abundance of bacteria at family level in CG, BLT, LT1W, and LT2W
groups. (C) Relative abundance of bacteria at the genus level in all groups.

TABLE 4 | The significantly different relative abundance of gut microbiota at phylum, family, and genus level. (a) The relative abundance of gut bacteria in all groups using
Kruskal-Wallis rank-sum tests. (b c, d) The relative abundance of gut bacteria in double groups using Wilcoxon’s rank sum tests (b: BLT vs CG, c: BLT vs LT1W, d: BLT
vs LT2W).

CG (%) BLT (%) LT1W (%) LT2W (%) p Value

Phylum (L2)

p__Firmicutes 57.502 48.834 48.018 37.168 p < 0.05ac p > 0.05bd
p__Bacteroidota 37.379 40.617 25.594 26.072 p < 0.05c p > 0.05abd
p__Proteobacteria 3.244 6.081 15.833 35.095 p < 0.05ad p > 0.05bc

Family (L5)

f__Lachnospiraceae 20.249 18.010 2.679 3.667 p < 0.05acd p > 0.05d
f__Monoglobaceae 0.328 0.253 0.000 0.006 p < 0.05abcd
f__Burkholderiaceae 0.000 0.000 0.092 0.058 p < 0.05acd Na b
f__Oscillospiraceae 1.007 0.921 0.058 0.260 p < 0.05acd p > 0.05b
f__Enterococcaceae 0.010 0.161 17.716 7.085 p < 0.05ac p > 0.05bd
f__Butyricicoccaceae 0.262 0.125 0.000 0.043 p < 0.05acd p > 0.05b
f__Clostridiaceae 0.109 1.078 0.431 1.741 p < 0.05abcd
f__uncultured 0.046 0.000 0.026 0.006 p > 0.05ac Na bd

Genus (L6)

g__Roseburia 4.055 3.516 0.024 0.256 p < 0.05acd p > 0.05b
g__Erysipelotrichaceae_UCG.003 0.344 0.811 0.000 0.027 p < 0.05acd p > 0.05b
g__Blautia 2.342 2.817 0.433 0.323 p < 0.05acd p > 0.05b
g__Lachnospira 1.091 0.639 0.003 0.033 p < 0.05acd p > 0.05b
g__Monoglobus 0.328 0.253 0.000 0.006 p < 0.05acd p > 0.05b
g__Enterococcus 0.010 0.161 17.716 7.050 p < 0.05ac p > 0.05bd
g__Dorea 0.313 0.262 0.000 0.041 p < 0.05acd p > 0.05b
g__[Eubacterium]_hallii_group 0.656 0.236 0.000 0.044 p < 0.05abcd
g__Intestinibacter 0.049 0.110 0.000 0.017 p < 0.05acd p > 0.05b
g__Romboutsia 0.344 0.240 0.000 0.002 p < 0.05acd p > 0.05b
g__Lautropia 0.000 0.000 0.029 0.058 p < 0.05acd NAb
g__[Eubacterium]_eligens_group 0.767 3.062 0.004 0.031 p < 0.05acd p > 0.05b
g__Bacteroides 27.476 34.593 22.576 18.264 p < 0.05acd p > 0.05b
g__Faecalibacterium 21.454 16.635 2.891 8.984 p < 0.05acd p > 0.05b
g__Escherichia-Shigella 1.778 2.082 9.630 10.842 p > 0.05abcd
g__Bifidobacterium 1.176 2.241 7.376 0.415 p > 0.05abc p < 0.05d
g__Lactobacillus 0.057 0.262 6.419 7.607 p < 0.05abc p > 0.05d
g__Erysipelatoclostridium 0.125 0.184 6.207 0.817 p > 0.05abcd
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Enterobacteriaceae (BLT group); Bacteroidaceae,
Enterococcaceae, Enterobacteriaceae, Bifidobacteriaceae and
Lactobacillaceae (LT1W group); and Enterobacteriaceae,
Bacteroidaceae, Ruminococcaceae, Lactobacillaceae and
Enterococcaceae (LT2W group). The CG was characterized by
a higher content of Bacteroidaceae, Ruminococcaceae,
Lachnospiraceae, Prevotellaceae, and Selenomonadaceae
(Figure 4B). Burkholderiaceae, Anaerolineaceae, Aerococcaceae,
P5D1-392, Mycoplasmataceae, Steroidobacteraceae,
Hydrogenophilaceae, Uncultured, and Bathyarchaeia, appeared
alone 1 week after liver transplantation and decreased
significantly 2 weeks after surgery. Deferribacteraceae,
Helicobacteraceae, Tritrichomonadea, and Hafniaceae were
only present in the CG group, which may be related to liver
disease. Lachnospiraceae, Monoglobaceae, Oscillospiraceae, and
Butyricicoccaceae decreased significantly 1 week after liver
transplantation (p < 0.05). They began to recover after
2 weeks. Enterococcaceae were significantly different between
BLT and CG groups, increased sharply 1 week after surgery,
and declined 2 weeks later (Table 4).

Genus Level (L6)
At the genus level, the gut microbiota of the CG and BLT groups
contained high levels of Bacteroides and Faecalibacterium. By
contrast, the LT1W and LT2W groups were characterized by a
higher content of Bacteroides, Enterococcus, Escherichia-Shigella,
Bifidobacterium, Lactobacillus, and Erysipelatoclostridium
(Figure 4C). Among the four groups, the bacteria with the
greatest differences were Roseburia,
Erysipelotrichaceae_UCG.003, Blautia, Lachnospira,
Monoglobus, Enterococcus, Dorea, [Eubacterium]_hallii_group,
Intestinibacter, Romboutsia, and [Eubacterium]_eligens_group.
Compared with the CG group, the richness of these
microorganisms decreased in the BLT group, seemingly due to
liver diseases. Following surgery, these microorganisms decreased
significantly 1 week later and began to recover after 2 weeks.
Enterococcus and Lautropia appeared immediately after surgery
(Table 4).

Species Diversity Analysis
Numerous bacteria, including the phyla Nitrospirota, Chloroflexi,
and Crenarchaeota, the families Anaerolineaceae, Aerococcaceae,
P5D1-392, Mycoplasmataceae, Steroidobacteraceae,
Hydrogenophilaceae, and Bathyarchaeia, and the genera
Olsenella, Serratia, and Enterobacter were present in the group
of patients after liver transplantation only; the phyla
Deferribacterota, and Parabasalia, the families
Deferribacteraceae, Helicobacteraceae, Tritrichomonadea, and
Hafniaceae, and the genera Dubosiella, Coprobacter,
Psychrobacter, and Mucispirillum were absent in the diseased
individuals and was observed only in healthy individuals
(Table 5). Comparison of data of analysis of the taxonomic
composition of gut microbiota from patients and CG showed
statistically significant differences in the content of some
microbial phylum, family, and genus in these groups. These
findings suggest that gut microbiota post-transplant are
characterized by a decrease in taxonomic diversity and

significant differences in the representation of two phyla
(Bacteroidetes and Desulfobacterota), 11 families
(Barnesiellaceae, Rmuinococcaceae, Burkholderiacrar,
Enterococcaceae, Desulfovibrionaceae, Marinifilaceae,
Rikenellaceae, Lachnospiraceae, Oscillosopiraceae, and
Monoglobaceae) and five genera (Enterobacter, Enterococcus,
Blautia, [Eubacterium]_hallii_group, and Roseburia) (Figure 5).

Differences in Metabolic Pathways
Between Groups
We transformed the composition of the OTUs sequences into
COG to analyze the differences in the metabolic pathways
represented in the gut microbiota among BLT, LT1W, and
LT2W group samples. We generated COG profiles and then
compared the components of functional genomics in COG
pathways. In general, 11 COG functional modules were
significantly enriched in the BLT group, nine COG
functional modules were significantly less. 19 COG
functional modules significantly less, and only one COG
functional module was enriched in the LT1W group. On the
other hand, compared with the BLT group, 20 functional
modules were less represented in the LT1W group. Five
COG functional modules were enriched, and 15 COG
modules were less represented in the LT2W group than the
LT1W group (Figure 6 and Tables 6–9).

DISCUSSION

Overall, the healthy gut microbiota is dominated by the phyla
Firmicutes and Bacteroidetes, followed by Proteobacteria and
Actinobacteria. Core microbial diversity and the ratio of
Firmicutes and Bacteroidetes are general health indicators.
Traditionally, the Firmicutes to Bacteroidetes (F/B) ratio is
implicated in predisposition to disease states (Ley et al., 2006).
The F/B ratio in the LT1W and LT2W groups were higher than
the BLT group. The F/B of the LT1W group was the largest of
the four groups, suggesting patients were most susceptible to
infection during the first week after liver transplantation. At
this point, the structure of intestinal bacteria of the patients
had undergone significant changes.

Obligate anaerobic bacteria (such as the phyla Firmicutes and
Bacteroidetes) encode various enzymes for hydrolyzing complex
carbohydrates not digestible by the host, such as resistant starch
and fiber. Genera such as Lactobacillus and Bifidobacterium
specialize in oligosaccharide fermentation, utilizing
galactooligosaccharides, fructooligosaccharides, and the
polysaccharide inulin (Sims et al., 2014). Carbohydrate
fermentation by anaerobes provides the host with essential
short-chain fatty acids (SCFAs) such as acetate, propionate,
and butyrate (Andoh, 2016). It is known that antibiotics
deplete microbes that ferment essential SCFAs such as
butyrate, which are typically responsible for maintaining
microbial homeostasis. The lack of butyrate silences metabolic
signaling in the gut. Mitochondrial Beta-oxidation in colonocytes
becomes disabled, resulting in oxygen transfer, which freely
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diffuses across cell membranes from the blood to the gut lumen.
Oxygen in the colon then allows for pathogenic facultative
anaerobes such as E. coli to outcompete the benign obligate
anaerobes that characterize a healthy gut (Winter et al., 2013;
Byndloss et al., 2017; Wassenaar, 2016).

Facultative anaerobes, including Proteobacteria, further affect
nutrition by catabolizing SCFAs present in the lumen (Litvak
et al., 2018). Microbial homeostasis is typically maintained by
peroxisome proliferator-activated receptor gamma (PPAR-γ).
PPAR-γ is a nuclear receptor activated by butyrate and other

TABLE 5 | The gut microbiota that occur only before or after liver transplantation.

CG (%) BLT (%) LT1W (%) LT2W (%) p-value

Phylum (L2)

p__Nitrospirota 0.000 0.000 0.028 0.000 0.345907
p__Chloroflexi 0.000 0.000 0.091 0.000 0.225497
p__Crenarchaeota 0.000 0.000 0.016 0.000 0.345907
p__Deferribacterota 0.152 0.000 0.000 0.000 0.200251
p__Parabasalia 0.015 0.000 0.000 0.000 0.515263

Family (L5)

f__Anaerolineaceae 0.000 0.000 0.073 0.000 0.225497
f__Aerococcaceae 0.000 0.000 0.057 0.000 0.003122
f__P5D1-392 0.000 0.000 0.038 0.000 0.345907
f__Mycoplasmataceae 0.000 0.000 0.031 0.000 0.345907
f__Steroidobacteraceae 0.000 0.000 0.027 0.000 0.345907
f__Hydrogenophilaceae 0.000 0.000 0.026 0.000 0.345907
f__Bathyarchaeia 0.000 0.000 0.016 0.000 0.345907
f__Deferribacteraceae 0.152 0.000 0.000 0.000 0.200251
f__uncultured 0.046 0.000 0.000 0.000 0.345907
f__Helicobacteraceae 0.042 0.000 0.000 0.000 0.515263
f__Tritrichomonadea 0.015 0.000 0.000 0.000 0.515263
f__Hafniaceae 0.012 0.000 0.000 0.000 0.515263

Genus (L6)

g__Dubosiella 0.616 0.000 0.000 0.000 0.515263
g__Coprobacter 0.226 0.000 0.000 0.000 0.002209
g__Psychrobacter 0.221 0.000 0.000 0.000 0.515263
g__[Eubacterium]_ventriosum_group 0.168 0.187 0.000 0.000 2.22E-07
g__Mucispirillum 0.152 0.000 0.000 0.000 0.200251
g__Olsenella 0.000 0.000 0.387 0.000 0.345907
g__Rothia 0.000 0.013 0.336 0.056 0.027494
g__Chloroplast 0.000 0.147 0.303 0.000 0.003862
g__Serratia 0.000 0.000 0.000 3.989 0.345907
g__Enterobacter 0.000 0.000 0.014 1.270 0.081291

FIGURE 5 | The analysis of composition of microbiomes determined which microorganisms in the samples were significant. Each dot represents a species
taxonomic composition. The gray (False) dots indicate that the diversity between groups was not significant, and the red (True) dots indicated that the diversity between
groups was significant. The x-axis clr represents the relative abundance between groups. The higher the y-axis W value, the higher the significance of the species among
the groups.
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ligands, is found in adipocytes and colonocytes, and is responsible
for activating genes involved in glucose and lipid metabolism
(Winter et al., 2014). Dysbiosis of the gut microbiota occurred in

the patients after surgery. Blooms of facultative anaerobes,
particularly Enterobacteriaceae, are associated with
inflammatory conditions in the gut. However, the healthy

FIGURE 6 | The COG profiles and the components of functional genomics in COG pathways. (A): BLT vs. CG; (B): BLT vs. LT1W; (C): CG vs. LT1W; (D): LT1W vs.
LT2W.

TABLE 6 | The COG of BLT vs. CG.

ID p-value Functional description

COG4397 0.003324577 Mu-like prophage major head subunit gpT
COG4388 0.003333848 Mu-like prophage I protein
COG2406 0.003835026 Protein distantly related to bacterial ferritins
COG2122 0.00462527 Uncharacterized conserved protein
COG1246 0.005812124 N-acetylglutamate synthase and related acetyltransferases
COG1039 0.006316055 Ribonuclease HIII
COG0503 0.006680033 Adenine/guanine phosphoribosyltransferases and related PRPP-binding proteins
COG3557 0.007910423 Uncharacterized domain/protein associated with RNAses G and E
COG2768 0.00801657 Uncharacterized Fe-S center protein
COG0115 0.009394288 Branched-chain amino acid aminotransferase/4-amino-4-deoxychorismate lyase
COG4476 0.009683741 Uncharacterized protein conserved in bacteria
COG3513 0.010933294 Uncharacterized protein conserved in bacteria
COG3369 0.011092671 Uncharacterized conserved protein
COG2268 0.0113543 Uncharacterized protein conserved in bacteria
COG4537 0.011729973 Competence protein ComGC
COG3763 0.011809479 Uncharacterized protein conserved in bacteria
COG4098 0.011884764 Superfamily II DNA/RNA helicase required for DNA uptake (late competence protein)
COG4477 0.011889677 Negative regulator of septation ring formation
COG4750 0.011893088 CTP:phosphocholine cytidylyltransferase involved in choline phosphorylation for cell surface LPS epitopes
COG0783 0.01209744 DNA-binding ferritin-like protein (oxidative damage protectant)
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colon is almost entirely anaerobic, and there, obligate anaerobes
rely on the fermentation of carbohydrates and amino acids to
generate energy. By-products of this process include the SCFAs,
which are thought to play essential roles in maintaining epithelial
integrity and supporting an anti-inflammatory state (Goverse
et al., 2017; Desai et al., 2016; Wu et al., 2017). Enterobacteriaceae
multiply in large numbers in patients, suggesting that the
intestinal permeability had been broken. There is evidence that
inflammation is associated with increased Enterobacteriaceae
abundance (Lopez et al., 2012). Some of these significant
changes were observed in bacterial species belonging to
Enterococcus, Klebsiella, and Enterobacter, seen in patients’

intestines (Figure 5; Supplementary Figure S2). These are
members of the ESKAPE group (Enterococcus faecium,
Staphylococcus aureus, Klebisiella pneumoniae, Acinetobacter
baumannii, Pseudomonas aeruginosa and Enterobacter spp. are
collectively knowen as ESKAPE group pathogen), described as
the leading cause of resistant nosocomial infections (Davin-Regli
et al., 2019).

Indeed, loss of balance in microbial population and function,
or dysbiosis, provokes the disruption of the intestinal barrier tight
junctions. This morphological alteration leads to increased
intestinal permeability (also known as leaky gut) and an
increment in the portal influx of bacteria or their products to

TABLE 7 | The COG of BLT vs. LT1W.

ID p-value Functional description

COG3854 6.27678E-06 Stage III sporulation protein SpoIIIAA
COG0296 1.04985E-05 1,4-alpha-glucan branching enzyme
COG2426 1.52853E-05 Predicted membrane protein
COG3874 2.0547E-05 Uncharacterized conserved protein
COG5011 2.14315E-05 Uncharacterized protein conserved in bacteria
COG0058 2.15279E-05 Glucan phosphorylase
COG2088 2.61E-05 Uncharacterized protein, involved in the regulation of septum location
COG2129 2.72612E-05 Predicted phosphoesterases, related to the Icc protein
COG0037 3.03301E-05 Predicted ATPase of the PP-loop superfamily implicated in cell cycle control
COG1033 3.09983E-05 Predicted exporters of the RND superfamily
COG3459 4.62774E-05 Cellobiose phosphorylase
COG1924 5.51436E-05 Activator of 2-hydroxyglutaryl-CoA dehydratase (HSP70-class ATPase domain)
COG0465 5.75095E-05 ATP-dependent Zn proteases
COG3668 5.80032E-05 Plasmid stabilization system protein
COG4509 6.00954E-05 Uncharacterized protein conserved in bacteria
COG1283 6.71153E-05 Na+/phosphate symporter
COG1433 6.84207E-05 Uncharacterized conserved protein
COG1961 8.21533E-05 Site-specific recombinases, DNA invertase Pin homologs
COG1115 8.83694E-05 Na+/alanine symporter
COG1492 8.89871E-05 Cobyric acid synthase

TABLE 8 | The COG of LT1W vs. CG.

ID p-value Functional description

COG1033 7.28286E-11 Predicted exporters of the RND superfamily
COG2088 1.62982E-10 Uncharacterized protein, involved in the regulation of septum location
COG3459 1.77916E-10 Cellobiose phosphorylase
COG2426 4.94246E-10 Predicted membrane protein
COG1924 7.21105E-10 Activator of 2-hydroxyglutaryl-CoA dehydratase (HSP70-class ATPase domain)
COG3874 1.44265E-09 Uncharacterized conserved protein
COG3437 1.46492E-09 Response regulator containing a CheY-like receiver domain and an HD-GYP domain
COG3854 1.56993E-09 Stage III sporulation protein SpoIIIAA
COG4219 1.93588E-09 Antirepressor regulating drug resistance, predicted signal transduction N-terminal membrane component
COG5011 2.13803E-09 Uncharacterized protein conserved in bacteria
COG0058 2.43995E-09 Glucan phosphorylase
COG4509 3.4655E-09 Uncharacterized protein conserved in bacteria
COG2129 3.57172E-09 Predicted phosphoesterases, related to the Icc protein
COG1961 5.30064E-09 Site-specific recombinases, DNA invertase Pin homologs
COG3668 1.26795E-08 Plasmid stabilization system protein
COG0296 1.49041E-08 1,4-alpha-glucan branching enzyme
COG1236 1.75778E-08 Predicted exonuclease of the beta-lactamase fold involved in RNA processing
COG3655 2.90768E-08 Predicted transcriptional regulator
COG1696 3.01671E-08 Predicted membrane protein involved in D-alanine export
COG0138 3.08025E-08 AICAR transformylase/IMP cyclohydrolase PurH (only IMP cyclohydrolase domain in Aful)
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the liver (Albillos et al., 2020). An increment in permeability in
the gut and the translocation of bacteria facilitate microbial
metabolites entering the liver, leading to impairment of bile
acid metabolism and promoting systemic inflammation and
gut dysmotility. Bile acids in the gut can maintain the balance
of intestinal microbiota by controlling the pH of the intestinal
environment and inhibiting the growth of pathogens.

Our findings suggest that the operation of liver transplantation
and the use of antibiotics substantially alter the balance of
microecology in patients’ intestines. The number and
proportion of probiotics decreased significantly, and the
number and proportion of pathogenic bacteria showed a
considerable upward trend. The ratio of Bifidobacterium to
Enterobacteriaceae (B/E rate) includes the primary obligate
anaerobic beneficial bacteria and the facultative anaerobic
conditional pathogens, which constitute the colonization
resistance of the gut. The B/E rate can be used to represent
intestinal microbiota imbalance. B/E <1 indicates dysbiosis of the
gut microbiota, and the lower B/E, the greater the degree of
dysbiosis of the gut microbiota. Compared with healthy people
(CG, B/E = 0.991), due to the dominant bacteria in patients with
chronic liver disease (BLT, B/E = 0.921) lose their advantages in
the gut, the antagonistic effect on the inferior bacteria is reduced,
and the inferior bacteria produce a large amount of endotoxin
during the process (Islam et al., 2011). The decline of liver
function affects the production of bile acids. The B/E of
LT1W and LT2W groups were 0.921 and 0.481, respectively.
By contrast, gastrointestinal dysfunction and intestinal peristalsis
often occur after liver transplantation, creating an intestinal
environment conducive to the reproduction of conditionally
pathogenic bacteria.

It is noteworthy that, at the genus level, Blautia almost
disappeared after liver transplantation (Figure 5). As a genus
of the Lachnospiraceae family, Blautia has been of particular
interest because of its contribution to alleviating inflammatory

diseases and metabolic diseases and its antibacterial activity
against specific microorganisms (Kalyana et al., 2018). Blautia
is a dominant genus in the intestinal microbiota, and there are
significant correlations with host physiological dysfunctions
such as obesity, diabetes, cancer, and various inflammatory
diseases. Liu et al. speculated that the ability to produce
bacteriocins provides Blautia with the potential to inhibit
the colonization of pathogenic bacteria in the gut, and it
can also affect the composition of intestinal microbiota.
Blautia inhibits the proliferation of C.perfringens and
vancomycin-resistant Enterococci, which makes it possible
to become potential probiotics and exert probiotic functions
(Liu et al., 2021).

The abundance of the phylum Proteobacteria was markedly
high, and its absence and low abundance of signature genera such
as Bacteroides, Prevotella, and Ruminococcus suggest an
unhealthy gut microbiota in patients in the first week after
liver transplantation (Hollister et al., 2014). Even if an organ
preservation solution can effectively ensure the survival of the
liver, it is still difficult to avoid hypoxia andmechanical damage to
the liver. The degree of transaminase and disturbance of bile acid
secretion after surgery also aggravates the reproduction of
pathogenic bacteria in the gut.

We generated COG profiles and compared the representations
of COG functional pathways. Compared with healthy samples,
the functional modules related to protein distantly related to
bacterial ferritins, N-acetylglutamate synthase and related
acetyltransferases, protein synthesis, and phosphocholine
cytidylyltransferase involved in choline phosphorylation for
cell surface lipopolysaccharide epitopes in patients before
surgery were significantly reduced. Notably, 19 of the top 20
functional modules decreased significantly in patients 1 week
after liver transplantation, including cellulose hydrolysis,
glucose metabolism, DNA synthesis, and RNA transcription.
In the LT1W group, the top 20 functional modules were less

TABLE 9 | The COG of LT1W vs. LT2W.

ID p-value Functional description

COG0383 0.001132206 Alpha-mannosidase
COG0002 0.001302019 Acetylglutamate semialdehyde dehydrogenase
COG4211 0.003087535 ABC-type glucose/galactose transport system, permease component
COG1272 0.003958178 Predicted membrane protein, hemolysin III homolog
COG1364 0.004072359 N-acetylglutamate synthase (N-acetylornithine aminotransferase)
COG4585 0.004172932 Signal transduction histidine kinase
COG1968 0.005630082 Uncharacterized bacitracin resistance protein
COG1720 0.005683167 Uncharacterized conserved protein
COG0687 0.007449622 Spermidine/putrescine-binding periplasmic protein
COG4721 0.007681902 Predicted membrane protein
COG0270 0.008347795 Site-specific DNA methylase
COG1511 0.008975009 Predicted membrane protein
COG1724 0.009064968 Predicted periplasmic or secreted lipoprotein
COG0436 0.009938515 Aspartate/tyrosine/aromatic aminotransferase
COG4576 0.010274524 Carbon dioxide concentrating mechanism/carboxysome shell protein
COG3976 0.010283793 Uncharacterized protein conserved in bacteria
COG3775 0.011395885 Phosphotransferase system, galactitol-specific IIC component
COG2814 0.011505916 Arabinose efflux permease
COG1136 0.012085984 ABC-type antimicrobial peptide transport system, ATPase component
COG0796 0.01276487 Glutamate racemase
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represented than the BLT group: COG1492 is a member of a
metabolic pathway for the synthesis of vitamin 12; COG1961 is
related to DNA synthesis; COG1115 is related to alanine; and
COG0296/COG0058/COG2129 is related to glucose metabolism.
Five COG functional modules were enriched, 15 COG modules
were less represented in the LT2W group than the LT1W group:
COG2814/COG1136 is related to biological transport processes;
COG0436 is related to amino acid metabolism; COG0270 is
related to cell proliferation; and COG0383 plays a decisive role
in the synthesis of protein and folding in correct conformations
(Figure 6; Tables 6–9).

Live Bifidobacterium capsules are commercially available;
these probiotics colonize the gut, antagonize the growth of
pathogenic bacteria in the gut, form a biofilm barrier, inhibit
the growth of pathogenic bacteria, reduce intestinal endotoxin
and bacterial translocation, reduce the damage of intestinal
mucosal epithelium, reduce its permeability, and reduce or
delay its atrophy (Holma et al., 2014; Baek et al., 2014;
Gianotti et al., 2010; Horvat et al., 2010; Rafter et al., 2007;
Zhu et al., 2012). Bifidobacterium also accelerates the
decomposition and absorption of nutrients in the
gastrointestinal tract, producing many acidic substances,
acidifying the intestinal cavity, accelerating the excretion of
endotoxin, and reducing the damage of intestinal mucosa (Li
et al., 2010; Gorska et al., 2009; Ohland et al., 2010).

The active use of liver bacteria preparations or fecal bacteria
transplantation in the perioperative period of liver
transplantation patients is expected to improve patients’
intestinal microecology, reduce postoperative complications,
and accelerate postoperative recovery.

CONCLUSION

We characterized the gut microbiome in patients during the
perioperative liver transplantation period and compared the
diversity, richness, and compositional variation of the gut
microbiome between the healthy control and patient groups.
We observed an altered microbial composition post-liver
transplantation, suggesting a distinct signature of microbiota
associated with the procedure in liver transplant patients.
Although numerous bacterial species were particularly present
or absent in patient samples, we could not effectively compare the
species-level composition due to low sequencing depth and small
numbers of samples. Although this is a preliminary study to
explore the liver transplantation gut microbiome compared to the
healthy gut microbiome of the population, it is subject to
limitations resulting from low sample numbers and
sequencing depth. Most participants were sampled only once;
a time-series monitoring of multiple samples at various time
points and a more significant number of participants would
provide more insights that might have been missed due to low
sequencing depth. Nevertheless, the present study is significant

because it provides the scientific community with a glimpse of the
signature microbiota associated with liver transplantation
individuals in Shanxi province. Furthermore, it provides a
road map for future studies. We believe that this signature of
liver transplantation individuals in the Chinese population will
aid future studies.
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Alteration of Ileal lncRNAs After
Duodenal–Jejunal Bypass Is
Associated With Regulation of Lipid
and Amino Acid Metabolism
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Zhengdong Qiao1* and Peng Zhang3*
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China, 2Shanghai Key Laboratory of Vascular Lesions Regulation and Remodeling, Shanghai Pudong Hospital, Fudan University
PudongMedical Center, Shanghai, China, 3Department of Surgery, Capital Medical University Beijing Friendship Hospital, Beijing,
China

Metabolic and bariatric surgery (MBS) can generate a drastic shift of coding and noncoding
RNA expression patterns in the gastrointestinal system, which triggers organ function
remodeling and may induce type 2 diabetes (T2D) remission. Our previous studies have
demonstrated that the altered expression profiles of duodenal and jejunal long noncoding
RNAs (lncRNAs) after the duodenal–jejunal bypass (DJB), an investigational procedure and
research tool of MBS, can improve glycemic control by modulating the entero-pancreatic
axis and gut–brain axis, respectively. As an indiscerptible part of the intestine, the ileal
lncRNA expression signatures after DJB and the critical pathways associated with
postoperative correction of the impaired metabolism need to be investigated too.
High-fat diet-induced diabetic mice were randomly assigned into two groups receiving
either DJB or sham surgery. Compared to the sham group, 1,425 dysregulated ileal
lncRNAs and 552 co-expressed mRNAs were identified in the DJB group. Bioinformatics
analysis of the differently expressed mRNAs and predicted target genes or transcriptional
factors indicated that the dysregulated ileal lncRNAs were associated with lipid and amino
acid metabolism-related pathways. Moreover, a series of lncRNAs and their potential
target mRNAs, especially NONMMUT040618, Pxmp4, Pnpla3, and Car5a, were identified
on the pathway. In conclusion, DJB can induce remarkable alteration of ileal lncRNA and
mRNA expression. The role of the ileum in DJB tends to re-establish the energy
homeostasis by regulating the lipid and amino acid metabolism.

Keywords: duodenal–jejunal bypass, lncRNAs, ileum, lipid metabolism, amino acid metabolism

INTRODUCTION

The prevalence of type 2 diabetes mellitus (T2DM) has been soaring globally. According to the
International Diabetes Federation’s Diabetes Atlas 7th edition, about 415 million people in the world
are suffering from diabetes, and the projected total number of T2DM patients will reach 642 million
by 2035 eventually (Ogurtsova et al., 2017). T2DM is a complex metabolic homeostasis disorder and
mainly manifested as hyperglycemia, which, if uncontrolled, can potentially lead to an increased risk
of microvascular- and macrovascular-related complications (Lai et al., 2014).
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Metabolic and bariatric surgery (MBS), such as Roux-en-Y
gastric bypass (RYGB) and sleeve gastrectomy (SG) procedures,
emerged as a weight-reduction therapy originally and has been
clinically shown to be able to induce long-term remission of
T2DM (Carlsson et al., 2012; Mingrone et al., 2012; Chang et al.,
2014), to reduce cardiovascular risk factors (Sjostrom et al., 2012),
and to decrease overall mortality (Sjostrom et al., 2007; Chang
et al., 2014) in addition to drastic weight loss. During the past
decades, a great deal of research efforts has been invested in the
investigation of the mechanisms of MBS. Some related factors,
such as weight reduction, caloric restriction, change in bile acid
secretion, fibroblast growth factor 19 (FGF19), gut microbiome,
and gastrointestinal (GI) hormonal changes, were proposed.
However, none of the factors can explain all biological and
physiological changes after MBS. So far, the exact underlying
mechanism remains unknown.

All MBS procedures are involved with the anatomical
alteration of the GI tract, which seems to be the origin of all
the biological and physiological benefits induced by MBS.
Therefore, in order to better understand the mechanisms of
MBS, it is crucial to illustrate the functional role of the GI
tract in metabolic modulation, although the GI tract was
traditionally considered the digestive system. During the past
few years, our team carried out a series of studies to investigate the
role of each GI segment in metabolic regulation using diabetic
animal models and gene microarray analysis. Whole
transcriptome analysis of long noncoding RNAs (lncRNAs)
and co-expressed mRNAs is a fundamental and powerful tool
to understand the functional alteration of organs caused by
surgical intervention. Once considered to be “transcriptional
noise”, lncRNAs are currently defined as transcripts longer
than 200 nucleotides that lack protein-coding capability but
regulate almost all biological processes (Mercer and Mattick,
2013). Under normal circumstances, serving as signals, decoys,
guides, and scaffolds, lncRNAs maintain physiological
homeostasis. While under the pathological conditions,
abnormal expression of lncRNAs participates in the human
disease development (Kwok and Tay, 2017). For instance,
peripheral insulin resistance (Zhu et al., 2016) and
inflammatory diabetes complications (Reddy et al., 2014) are
precisely governed by lncRNAs.

From our previous studies, we have revealed that 1) gastric
volume reduction is essential for T2DM remission after RYGB
(Zhang et al., 2016); 2) drastic changes in lncRNA and mRNA
expression profiles of the duodenum induced by duodenal
exclusion attenuate inflammation and initiate insulin secretion
via the entero-pancreatic axis (Liang et al., 2017); and 3)
alteration of the jejunal Roux limb lncRNA and mRNA
expression pattern triggers both neuromodulation and
endocrine-related pathways and participates in T2DM
remission after duodenal–jejunal bypass (DJB) via the
gut–brain axis (Liang et al., 2018). Apparently, beyond the
traditional cognition, the duodenum and jejunum are more
like metabolic regulators cross-talking with peripheral organs
and executing surgical information, rather than solely digestive
and absorptive organs. Reasonably, considering the altered
anatomical structure and the faster passage of meal chyme

after surgery, the ileum should also be involved in metabolic
reconstruction, although its role has not been characterized yet.
As an investigational procedure and research tool of MBS, DJB
only causes anatomical changes in the intestine, which can rule
out interference from other factors. Therefore, in the present
study, we utilized a rodent T2DM model to elucidate the
molecular mechanism on how the ileum modulates metabolic
regulation after DJB.

MATERIALS AND METHODS

Animal Model and Phenotyping
All procedures of this study were approved (NO. 2021-DS-M-09) by
the Institutional Animal Care and Utilization Committee of the
Fudan University PudongMedical Center. A cohort of male C57BL/
6 mice was received from Shanghai Slyke Laboratory Animal
Corporation (Shanghai, China). After 1-week acclimatization, the
mice started to undergo high-fat diet (HFD, 5.24 kcal/g with kcal
percentages 60% fat, 20% protein, and 20% carbohydrate, Cat.
#D12492, Research Diets Inc., New Brunswick, NJ, United States)
at an age of 6 weeks for 12 weeks. At the end of the 12-week HFD,
according to the weight (≈50 g), fasting blood glucose
(FBG≥11mmol/L), and impaired oral glucose tolerance test
(OGTT), eight animals with typical diabetic phenotypes were
selected and randomized into DJB or sham groups based upon
the procedure received. The DJB procedure was performed with the
5-cm biliopancreatic limb and 4-cm Roux limb under general
anesthesia, and the sham group only underwent the same general
anesthesia and laparotomy but without intestinal transection and
rerouting. Please refer to our previously published studies for the
details of DJB and sham procedures (Liang et al., 2017; Liang et al.,
2018). Another five age-matched mice served as the chow diet
control without undergoing any surgical procedures. The mice were
sacrificed two weeks after surgery, and the ileum was collected for
RNA analysis. The body weight and FBG were measured after 6 h of
fasting at 0 week (before initiation of HFD), 12 weeks (12 weeks after
HFD), and 14 weeks (2 weeks after DJB/sham procedure).
According to the manual, the plasma insulin levels were
measured using enzyme-linked immunosorbent assay kits (Cat.
#10-1247-01, Mercodia, Uppsala, Sweden). The OGTT was
conducted after a 12-h overnight fast. After a 20% (w/v) glucose
solution challenge at a dose of 2 g/kg weight, blood glucose levels
were measured at different time points. The area under curve of the
glucose excursions during OGTT was calculated.

Ileal RNA Preparation and Microarray
Analysis
Ileal RNA isolation, quality control, labeling, and hybridization
methods have been described in detail previously (Liang et al.,
2017; Liang et al., 2018). In brief, after hybridization, the “flag”
value of each gene is calculated and classified into three levels of
A, M, and P according to the signal strength. The genes with low
hybridization signals (A or M) in both groups have been filtered
out. Then, lncRNAs and mRNAs showing statistically significant
differences in expression between the two groups were identified
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through p value/false-discovery (FDR) rate filtering. Hierarchical
clustering was performed to demonstrate the expression patterns
of critical lncRNAs and mRNAs. Significant differentially
expressed lncRNA and mRNA were identified through fold
change ≥2 and p < 0.05 and displayed by the scatter plot and
volcano plot.

Bioinformatic Analysis
The Gene Ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway analysis were performed based on the
function of lncRNA-co-expressed mRNAs. The target genes of
lncRNAs were predicted via cis- or trans-regulatory patterns. Cis-
regulated target gene prediction used the University of California
Santa Cruz genome Browser to identify the potential targets located
within a 10-kb window upstream or downstream of lncRNAs.
Trans-regulated target gene prediction used Basic Local
Alignment Search Tool software to screen the mRNAs that had
sequences complementary to the lncRNAs, followed by
identification of trans-acting target genes with RNAplex software
(University of Vienna, Vienna, Austria). The potential transcription
factors (TFs) targeting lncRNAs were predicted using TFSearch
(National Institute of Advanced Industrial Science and Technology,
Tsukuba, Japan). Co-expression and interaction networks were
constructed to identify the core lncRNAs or mRNAs. The
Pearson’s correlation coefficient (PCC) was used to calculate the
expression correlation of lncRNAs andmRNAs. The pairs with PCC
values >0.99 were selected as linkages in the network using
Cytoscape 3.8.2 software (Agilent and IBS).

Microarray Validation
Real-time PCR was used to confirm microarray results with a
randomly selected subset of differentially expressed lncRNAs and
mRNAs. The primers used in this study are shown in the
Supplementary Material. Total RNAs were extracted using
TRIzol reagent (Cat. #15596018, Invitrogen, Grand Island, NY,
United States) and were reverse transcribed to cDNA with the
PrimeScript RT Reagent Kit (Cat. #RR047A, Takara, Dalian,
China). Real-time PCR was carried out in triplicate for each
sample, with GAPDH as an internal reference, using PowerUp™
SYBR™ Green PCR Master Mix (Cat. #A25742, Life Technologies,
Grand Island, NY,United States). Probe specificity was confirmed by
melting curve analysis, and the relative expression of the genes was
calculated using the 2−△△Ct method.

Statistical Analysis
Data were expressed as means ± SEM. Statistical analysis was
performed using Student’s t-test to compare the differences
between DJB and sham groups with SPSS software (Version
22.0; SPSS Inc., Chicago, IL, United States). Statistical
significance was set at p < 0.05.

RESULTS

DJB Improved Diabetic Phenotypes
DJB surgery performed in our study is shown in Figure 1A.
Before HFD induction (week 0), the baseline values of weight,

FBG, plasma insulin, and oral glucose tolerance test (OGTT) of
mice in different groups were almost identical (Figures 1B–E,H).
After 12-week HFD, the mice in both DJB and sham groups
successfully established diabetic phenotypes with elevated body
weight, hyperglycemia, and hyperinsulinemia (Figures
1B–D,F,H). Compared to the sham group, two weeks after
surgery (week 14), all metabolic parameters in the DJB group
were rapidly improved and approached to the level of the chow
diet control group (Figures 1B–D,G,H). Overall, the success of
diabetic mouse model establishment and surgical procedure
ensured the reliability of the following ileal microarray analysis.

DJB Altered Ileal Transcriptome
The transcriptomes of eight ileal samples randomly selected from the
DJB or sham group were investigated and found that their intensity
values were nearly identical (Figure 2A). Compared to the sham
group, 366 up- and 186 downregulated mRNAs were identified in
the DJB group (Figure 2B). The number of mRNAs with different
multiples was calculated (Supplementary Table S1), and the top 10
dysregulated mRNAs are listed in Supplementary Table S2. As a
member of the phospholipase A2 enzyme family, Pla2g4c usually
contributes to lipid metabolism by hydrolyzing
glycerophospholipids to produce free fatty acids and
lysophospholipids. While another gene Cpvl, a novel serine
carboxypeptidase, participates in amino acid homeostasis via
cleaving amino acids from the C-terminus of a protein substrate.
Except the two mentioned previously, some of the other mRNAs
listed in Supplementary Table S2 were demonstrated to be
associated with lipid and amino acid metabolism. Hierarchical
clustering analysis of the 552 differently expressed mRNAs was
performed and shown in Figure 2C.

Altered Ileal Transcriptome Contributed to
the Lipid and Amino Acid Metabolism
Normally, lncRNAs exert their functions by interacting with
mRNAs under different patterns. To reveal the potential
functions of the ileal lncRNAs after DJB, the pathway and
Gene Ontology (GO) analysis of aberrantly co-expressed
mRNAs were performed. The top 30 significantly enriched
pathways were featured and ranked with enrichment scores
(Figure 2D). Further analysis indicated that 26 pathways were
upregulated and three pathways were downregulated.
Apparently, metabolic pathways, including lipid metabolism
(12/30), amino acid metabolism (5/30),
carbohydrate metabolism (2/30), and energy metabolism (1/
30), occupied a respectable majority. Most importantly, robust
enrichment was observed in lipid metabolism-related pathways,
such as fatty acid degradation, fatty acid elongation, fatty acid
biosynthesis, PPAR signaling pathway, biosynthesis of
unsaturated fatty acids, and peroxisome as well as in amino
acid metabolism-related pathways, such as beta-alanine
metabolism, tryptophan metabolism, and valine, leucine, and
isoleucine degradation. Overall, the lncRNA-co-expressed
mRNA-enriched pathways, which are triggered by the surgery,
contribute to the metabolic improvement, especially to lipid and
amino acid homeostasis.
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Consistent with pathway analysis, the items of “biological
processes,” including very long-chain fatty acid catabolic
process, negative regulation of fatty acid oxidation, long-chain
fatty acid import, and negative regulation of lipoprotein particle
clearance, were enriched and involved in the lipid metabolism by
manipulating cellular or circulating lipids clearance (Figure 2E).
Furthermore, the GO terms for molecular function were
correlated with long-chain fatty acid transporter activity, fatty
acid transporter activity, and acylglycerol lipase activity, which
were essential for lipid metabolism (Figure 2E). Collectively, DJB
triggered a shift in the ileal transcriptome somehow, and the
altered lncRNAs and co-expressed mRNAs reprogrammed the
metabolic systems of the ileum, particularly in the lipid and
amino acid metabolism, which finally contributed to the
remission of metabolic disorders possibly through increased
resting energy expenditure.

DJB Induced Ileal lncRNA Expression
Profiling Shifting
DJB surgery triggered distinctive alteration of ileal lncRNAs’
expression signature with 226 up- and 1,199 downregulated
lncRNAs (Figures 3A,B). The 1,425 lncRNAs were further

sorted based on the fold change (Supplementary Table S1),
and the top 10 up- and downregulated lncRNA are displayed
in Supplementary Table S3. The lncRNA Gas5 with functional
annotation, which was reported to play an important role in
pancreatic β-cell function and peripheral insulin resistance, was
identified in the microarray. Although another lncRNA
Tmem132cos, named as transmembrane protein 132C
(Tmem132c) opposite strand, has not been investigated yet, the
Tmem132c was found correlated negatively with insulin
secretion, suggesting that the downregulation of Tmem132cos
may play a therapeutical role in T2DM remission. Hierarchical
clustering indicated that the lncRNA expression patterns between
the DJB and sham groups were distinguishable (Figure 3C). In
addition, systematic analysis and statistics of differentially
expressed ileal lncRNA from different dimensions were carried
out and displayed in Figures 3D–F.

Predicted Target Genes Are Associated
With Ileal lncRNAs’ Positive Effect on
Metabolic Homeostasis Reconstruction
Since lncRNAs exert functions indirectly, prediction of target
genes and construction of the interaction network are crucial

FIGURE 1 |Characterization of the HFD-induced T2DMmousemodel and surgical outcomes. Schematic diagram of DJB surgery (A). Weight (B), FBG (C), plasma
insulin (D), OGTT before HFD induction (E), OGTT at 12 weeks after HFD induction and before DJB (F), 14 weeks on HFD and 2 weeks after DJB surgery (G), and area
under the curve (AUC) of OGTT glucose excursion (H). All values are shown as mean ± SEM. Statistical differences were analyzed by the Student’s t-test. * For DJB
group versus sham group, # for DJB or sham group versus control group (*p <0 .05, **p <0 .01, ***p <0 .001, #p <0 .05, ##p <0 .01, ###p <0 .001).
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to identify the most influential ileal lncRNAs after DJB.
Utilizing the Cytoscape program, the network was generated
with 998 ileal lncRNAs, 2,261 target genes, and
20,876 lncRNA-target gene pairs (Figure 4A). Pathway
annotations of predicted target genes indicated that altered
ileal lncRNAs may maintain lipid homeostasis by regulating
lipid metabolism-related pathways, mainly including
biosynthesis of unsaturated fatty acids, fatty acid elongation,
AMPK signaling pathway, glycerophospholipid metabolism,
and steroid biosynthesis and sphingolipid metabolism
(Figure 4B). Furthermore, pathways of taurine and
hypotaurine metabolism, sulfur relay system, and nitrogen
metabolism, which were associated with the amino acid
metabolism, were annotated and beneficial for T2DM
amelioration after surgery (Figure 4B, Supplementary
Figures S1A–C). Generally, the metabolic benefits from
DJB, including the changes in lipid and amino acid

metabolism caused by ileal lncRNAs, were comparable
between DJB and sham groups.

Ileal lncRNA–mRNA Pairs Remodeled the
Lipid and Amino Acid Metabolism
In order to screen out the most functional ileal lncRNA–mRNA
pairs with potential targeting relationship, the co-expression
network was constructed, and bioinformatic analysis was
performed. By overlapping the ileal lncRNA-co-expressed
mRNAs and predicted target genes, a subgroup containing 82
mRNAs was created. Combining 203 corresponding lncRNAs
targeting the 82 mRNAs, 1,459 transcript pairs were generated
and finally constituted the network (Figure 5A). The pathways
enriched by the subset of lncRNA-co-expressed mRNAs were
mostly involved in lipid metabolism, such as fatty acid elongation,
fatty acid degradation, fatty acid biosynthesis, biosynthesis of

FIGURE 2 |Overview and bioinformatic analysis of lncRNA-co-expressedmRNA profiles. (A)Box-plot showing the normalization of all samples. (B) Volcano plot of
differentially expressed mRNAs between DJB and sham groups. (C) Heat map of mRNAs showed hierarchical clustering of differentially expressed mRNAs in DJB and
sham mice (fold change ≥2, p < 0.05). Red and blue, respectively, represent high and low relative expression. (D) Top 30 significantly enriched pathways ranked with an
enrichment score (p < 0.05). Up- and downregulated pathways are marked with soft red and soft blue, respectively. (E) Top 30 significantly enriched GO items (p <
0.05). The important items are marked with green.
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FIGURE 3 | Identification and analysis of distinctively expressed lncRNAs. Scatter plot (A) and volcano plot (B) of differentially expressed lncRNAs between the DJB
and sham groups. (C) Heat map of lncRNAs showed hierarchical clustering of differentially expressed lncRNAs in DJB and sham mice (fold change ≥2, p < 0.05).
Analysis of up- and downregulated lncRNAs based on classification (D), length distribution (E), and chromosome locus (F).

FIGURE 4 | Construction of the lncRNA-target genes interaction network and pathway analysis of the target genes. (A) lncRNA-target genes interaction network.
Circle nodes with strong yellow and orchid represent up- and downregulated lncRNAs, respectively. Hexagon nodes with gray represent target genes. (B) Top 30
significantly enriched pathways ranked with an enrichment score (p < 0.05). Trans-, CIS-, and trans and CIS-regulatory pathways are marked with light violet, dark cyan,
and pure pink, respectively.
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unsaturated fatty acids, PPAR signaling pathway, peroxisome,
glycerophospholipid metabolism, and glycerolipid metabolism
(Figure 5B, Supplementary Figure S2A). In addition, pathways
of valine, leucine, and isoleucine degradation, tryptophan
metabolism, lysine degradation, and nitrogen metabolism,
which probably acted on postoperative reconstruction of
amino acid metabolic homeostasis, were enriched as well
(Figure 5B, Supplementary Figures S2A, B). Moreover, the
most important GO items, marked with green, referred to
lipid biosynthesis, oxidation, and modification (Figure 5C). In
short, the subset of ileal mRNAs and their upstream lncRNAs
played critical roles in metabolic remission via remodeling the
ileal lipid and amino acid metabolism after DJB.

Identification of Lipid and Amino Acid
Metabolism-Related lncRNA–mRNA Pairs
All the aforementioned systematic analyses demonstrated that DJB
caused great change of ileal lncRNAs’ expression signature, which
further re-established lipid and amino acid metabolic homeostasis of
the ileum and participated in the T2DM remission after DJB.
Therefore, identification of specific ileal lncRNA–mRNA pairs
involved in lipid and amino acid metabolism-related pathways
was extremely important. The up- or downregulated mRNAs and
CIS- or trans-target genes were input into the Venn program, and
49 CIS-mRNAs, 38 trans-mRNAs, and 8 CIS- and trans-mRNAs
were screened out (Figure 6A; Supplementary Table S4). By
overlapping the CIS-mRNAs with genes involved in lipid
metabolism pathways, 6 CIS-mRNAs, and 13 upstream lncRNAs
were verified (Figures 6B,C). In the sameway, six trans-mRNAs and
13 lncRNAs were acquired and depicted in Figures 6D,E.
Furthermore, amino acid metabolism-related CIS- or trans-
mRNAs and relevant lncRNAs are presented in Figures 6F–I,
respectively. Notably, the ileal lncRNA NONMMUT040618 and

its target mRNAs (Pxmp4, Pnpla3, and Car5a), which were involved
in lipid and amino acid metabolism-related pathways, might play
vital roles in the remission of metabolic disorders after DJB.

Ileal Transcription Factors Analysis
To elucidate the upstream regulation network, a group of 63 TFs,
targeting 203 ileal lncRNAs involved in the co-expression network,
was predicted. All these transcripts and 6,993 lncRNA–TF-targeting
pairs constituted the interaction network (Figure 7A). Among the
TF group, seven up- and six downregulated TFs were found in the
microarray (Figures 7B,D). Moreover, intersecting the distinct
subsets of lncRNAs generated by each upregulated TF, eight
dysregulated ileal lncRNAs were screened out (Figure 7C,
Supplementary Figure S3A). The six downregulated TFs were
analyzed with the identical procedure (Figure 7E, Supplementary
Figure S3B). Pathway annotation of predicted TFs indicated that the
lipid and amino acid metabolism-related pathways were enriched
(Supplementary Figure S3C).

Verification of the Ileal Microarray Data
In order to validate the accuracy as well as reliability, 10 dysregulated
transcripts in the ileal microarray were randomly selected
(Supplementary Table S5), and their expression levels both in
samples for microarray and tissues obtained from another cohort
of mice undergoing the identical process (Figures 8A–G) were
detected using qRT-PCR. The qRT-PCR results from the ileal
samples employed in the microarray or newly gained ileal tissues
were highly consistent with original microarray data (Figures 8H,I).

DISCUSSION

DJB induced significant alterations in intestinal lncRNA and
mRNA expression patterns. All the dysregulated lncRNAs in

FIGURE 5 | Construction of the lncRNA–mRNA co-expression network and bioinformatic analysis. (A) lncRNA–mRNA co-expression network. Circle nodes with
strong yellow and orchid represent up- and downregulated lncRNAs, respectively. Square nodes with soft red and slightly desaturated cyan represent up- and
downregulated mRNAs, respectively. (B) Top 30 significantly enriched pathways ranked with an enrichment score (p < 0.05). Up- and downregulated pathways are
marked with soft red and soft blue, respectively. (C) Top 30 significantly enriched GO items (p <0 .05). The important items are marked with green.
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FIGURE 6 | Identification of lipid and amino acid metabolism-related lncRNAs and downstream mRNAs. (A) Venn diagram showing the overlapping of up- and
downregulated mRNAs with trans- and CIS-targets. Histograms of lipid metabolism pathway-related lncRNA–mRNA pairs via CIS- (B,C) or trans- (D,E) regulatory
patterns. Histograms of amino acid metabolism pathway-related lncRNA–mRNA pairs via CIS- (F,G) or trans- (H,I) regulatory patterns. The columns with the same fill
pattern represent lncRNA–mRNA pairs.

FIGURE 7 |Construction of the lncRNA–TF interaction network and identification of distinctly expressed TFs. (A) lncRNA–TF interaction network. Circle nodes with
strong yellow and orchid represent up- and downregulated lncRNAs, respectively. Hexagon nodes with soft red, slightly desaturated cyan, and gray represent up-,
down-, and unregulated TFs, respectively. Histogram of upregulated TFs (B) and their downstream lncRNAs (C). Histogram of downregulated TFs (D) and their
downstream lncRNAs (E).
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the ileum recomposed energy metabolism homeostasis, especially
lipid and amino acid metabolism-related pathways. The target
genes also indicated that lipid and amino acid metabolism-related
pathways were modified by surgical intervention. In addition, the
altered TFs, which were responsible for converting surgical
information into transcriptome alteration, also served in lipid
metabolism- or diabetes-related pathways as expected. These
findings imply that the major role of the ileum in MBS is
associated with re-establishment of energy homeostasis by
alteration of the lipid and amino acid metabolism. Moreover,
functional lncRNAs NONMMUT040618 and downstream
mRNAs including Pxmp4, Pnpla3, and Car5a were altered by
DJB the most, and therefore, are worthy of further investigations.

MBS leads to effective and long-term remission of T2DM as
well as other metabolic disorders such as dyslipidemia,
hypertension, hypothyroidism, and polycystic ovary syndrome
(PCOS) (Pareek et al., 2018; Mintziori et al., 2020). So far, its
underlying mechanism is not fully understood. Altered
enterohepatic circulation of bile acids (Wahlstrom et al.,

2016), gut microbiota, GI hormones, nutritional deficiency,
and weight loss (Aron–Wisnewsky and Clement, 2014; Liu
et al., 2017), etc., are thought to contribute to the mechanism
ofMBS. However, none of the aforementioned factors can explain
all the consequences of MBS. Rather than studying on a single
mechanism, our series of studies focus on the intestinal
transcriptome analysis in order to illuminate the functional
roles of different small intestinal segments in metabolic
regulation after MBS represented by DJB. MBS involves
anatomical alteration of the GI tract including size reduction
and/or segment bypass. Also as a result, food intake restriction
and/or malabsorption as well as increased resting energy
expenditure (Das et al., 2003) are induced to cause weight
loss. Moreover, it is also the anatomical change that induces
beneficial effects in metabolic regulation. We have previously
reported that lncRNAs in the duodenum are associated with
pancreatic islet secretion and inflammation process, implying
that bypass of the duodenum may initiate insulin secretion and
attenuate inflammation (Liang et al., 2017), and those in the

FIGURE 8 | Microarray validation. Weight (A), FBG (B), plasma insulin (C), OGTT (D), week 0 (E), week 12 (F), and week 14 and AUC (G) of another cohort of
diabetic mice. (H)Histograms showing the comparison betweenmicroarray data and qRT-PCR results of 10 transcripts. (I) Box plot showing the qRT-PCR results of the
10 transcripts with another cohort of mice. All values are shown as mean ± SEM. Statistical differences were analyzed by the Student’s t-test. * For DJB group versus
sham group, # for DJB or sham group versus control group (*p <0 .05, **p <0 .01, ***p <0 .001, #p <0 .05, ##p <0 .01, ###p <0 .001).
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jejunal Roux limb are associated with gut–brain cross talk and
endocrine regulation (Liang et al., 2018). Both are related to the
beneficial consequence of MBS including T2DM remission,
improvement in lipid metabolism, and endocrine hormonal
effects. The present study is the part 3 of this series of studies,
which is focused on the role of the ileum.

Ileum, the final segment of the small intestine following the
duodenum and jejunum, is primarily responsible for absorption
of vitamin B12, bile salts, and any nutrients that passed the
jejunum under normal circumstances (Matsumoto et al.,
2017). In addition to absorption function, cells located in the
lining of the ileum secrete protease and carbohydrase enzymes to
facilitate protein and carbohydrate digestion (Williams et al.,
2011). In addition, we also observed that the whole lipid
metabolism networks, especially PPAR signaling pathway, fatty
acid elongation, fatty acid degradation, fatty acid biosynthesis,
and biosynthesis of unsaturated fatty acids as well as other related
pathways, were reprogrammed by the dysregulated ileal lncRNAs
after DJB. Thus, MBS may ameliorate the disturbed energy
homeostasis via altering lipid metabolism function of the
ileum, accelerating energy expenditure.

Ileal amino acid metabolism was another significant function
generated by DJB and exerted positive regulation in glycemic
control. Under normal physiological conditions, increased
plasma amino acid levels after food intake provoke insulin
release and mTOR-dependent protein synthesis in muscle
(Kimball, 2007). On the cellular level, amino acid homeostasis
is maintained by conversion of essential and nonessential amino
acids and transfer of amidogen from oxidized amino acids to
synthesized amino acids. Once the balance is disrupted, a
phenomenon usually preceding or accompanied by
dysregulation of glycemia, T2DM could be triggered. For
instance, an inappropriate amino acid metabolism results in
pancreatic β-cell function disorder and insulin secretion
deficiency by disturbing mitochondrial metabolism acutely or
altering the insulin granules exocytosis-related genes chronically
(Newsholme et al., 2005). Meanwhile, insulin resistance is
induced by abnormal plasma levels of essential amino acids
and their derivatives (Adams, 2011; Lynch and Adams, 2014).
Conversely, improved β-cell function and insulin sensitivity after
MBS partially attribute to corrected branched-chain amino acid
metabolism and circulation concentrations (Gerszten and Wang,
2011; Magkos et al., 2013). Although the liver is the major site of
nitrogen metabolism, surgery-induced amino acid metabolism
function in the ileum should be vital for re-establishment of
amino acids homeostasis and remission of T2DM.

The limitation of this study is that the screened lncRNAs or
mRNAs with potential functions have not been verified yet at the
molecular, cellular, and animal levels, which will be carried out in
our future studies.

CONCLUSION

The present study serves as a fundamental tool for gene analysis after
MBS. From this study, we have demonstrated that DJB is able to
regulate transcriptional activities of transcriptional factors, which

alter lncRNA expression profiles. The target genes of dysregulated
lncRNAs in the ileum involve in lipid and amino acid metabolism-
related pathways. These findings imply that the role of the ileum in
DJB tends to re-establish the energy homeostasis by regulating the
lipid and amino acid metabolism. Concluding the present study on
the ileum and our previous gene microarray studies on the
duodenum and jejunum, different segments of the intestine play
different roles in metabolic regulation after MBS.
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