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Abstract
Type 2 diabetes mellitus (T2DM) is a metabolic disorder with intricate pathogenic mechanisms. Despite the availability of 
various oral medications for controlling the condition, reports of poor glycemic control in type 2 diabetes persist, possibly 
involving unknown pathogenic mechanisms. In recent years, the gut microbiota have emerged as a highly promising target 
for T2DM treatment, with the metabolites produced by gut microbiota serving as crucial intermediaries connecting gut 
microbiota and strongly related to T2DM. Increasingly, traditional Chinese medicine is being considered to target the gut 
microbiota for T2DM treatment, and many of them are edible. In studies conducted on animal models, edible traditional 
Chinese medicine have been shown to primarily alter three significant gut microbiotal metabolites: short-chain fatty acids, 
bile acids, and branched-chain amino acids. These metabolites play crucial roles in alleviating T2DM by improving glucose 
metabolism and reducing inflammation. This review primarily summarizes twelve edible traditional Chinese medicines 
that improve T2DM by modulating the aforementioned three gut microbiotal metabolites, along with potential underlying 
molecular mechanisms, and also incorporation of edible traditional Chinese medicines into the diets of T2DM patients and 
combined use with probiotics for treating T2DM are discussed.
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Introduction

According to the latest estimates from the International 
Diabetes Federation (IDF), China ranks first in the world 
in terms of the number of people with diabetes, with 140.9 
million cases in 2021, surpassing all other countries or 
regions. Furthermore, it is predicted that China will continue 
to hold this position as the country with the most diabetes 
patients in the world until 2045 with 174.4 million cases [1]. 
Among the various types of diabetes mellitus, type 2 diabe-
tes (T2DM) stands out as a chronic metabolic disease caused 
by insulin resistance. These specific condition accounts for 
approximately 90% of all DM cases [2]. Research has shown 
that T2DM significantly increases the risk of conditions such 
as coronary heart disease, myocardial disorders, hyperten-
sion, and hyperlipidemia [3]. Furthermore, as the condition 
progresses, it can lead to chronic damage in various organ 
tissues, presenting a significant threat to the human body. 
This not only affects the physical well-being of patients but 
also places considerable economic and psychological strains 
on them [4]. Even with the presence of oral medications in 
clinical practice for treating T2DM, there are still numer-
ous reports of suboptimal blood sugar control among these 
patients. This highlights the need for more diversified treat-
ment strategies, methods, and auxiliary therapeutic measures 
for T2DM, especially for those who don't respond effectively 
to traditional therapies [5, 6].

The gut microbiota consists of a community of microor-
ganisms that inhabit the human intestinal tract. This includes 
a vast array of hundreds of distinct bacterial species, with 
their combined population reaching up to 1014 organisms 
[7]. As the largest microbial system within the human body, 
extensive research has substantiated the association between 
gut microbiota and various human diseases, including neu-
rodegenerative diseases, cardiovascular diseases, as well as 
mental health diseases [8].

In 2016, Zhernakova et al. definitively established the 
connection between gut microbiota and T2DM through 
metagenomic analysis [9]. In 2019, Sanna et al. demon-
strated a causal relationship between the gut microbiota and 
T2DM through a mendelian randomization study [10]. In 
2020, Reitmeier et al. found that disruptions in the rhythmic-
ity of the gut microbiota are even considered to be predictive 
of the onset of T2DM. This provides compelling evidence 
for the potential of the gut microbiota to serve as a clini-
cally relevant biomarker for predicting the development of 

T2DM [11]. The same year, a random clinical trial con-
ducted by Perraudeau et al. involved supplementing T2DM 
patients with probiotics formulation of producing butyrate 
and consuming sugars. The results revealed that, without any 
adverse effects, this intervention moderately improved the 
blood glucose levels of the patients with T2DM [12]. More 
and more researches are highlighting the gut microbiota as 
a promising and potential therapeutic target for the manage-
ment of T2DM [13]. The gut microbiotal metabolites, which 
mainly include short chain fatty acids (SCFAs), secondary 
bile acids (SBAs), branched chain amino acid (BCAAs) and 
others, serving as intermediaries connecting the gut micro-
biota with the host, play vital roles between the relationship 
between gut microbiota and T2DM [14].

In recent years, an increasing amount of research has 
demonstrated that oral medications, such as metformin, have 
led to changes in the gut microbiota [15, 16]. This alters the 
profile of gut microbiotal metabolites, reduces inflamma-
tion, promotes improvements in blood glucose levels and 
others [17]. These mechanisms may potentially become new 
therapeutic targets for the treatment of T2DM [14]. How-
ever, A randomized clinical trial suggests that, compared 
to metformin, traditional Chinese medicines demonstrate a 
greater advantage in treating T2DM through targeting the 
gut microbiota [16]. In addition to taking medications, diet 
also holds a significant role in the treatment of T2DM [18], 
since in traditional Chinese medicines, there is a category 
of substances that can be used both as medicines and as 
food ingredients. This category is referred to as edible tradi-
tional Chinese medicines [19–21], the most obvious advan-
tage of this medication is that it can be incorporated into 
the patient's diet. Researches showed that edible traditional 
Chinese medicines can also exert a considerable therapeutic 
effect on T2DM by altering the gut microbiotal metabolites 
associated with the T2DM [22–24] (Fig. 1).

In this review, we delve into the impact of edible tradi-
tional Chinese medicines on gut microbiota and its metab-
olites in T2DM animal models, summarize the potential 
mechanisms by which these metabolite alterations might 
alleviate T2DM and discuss strategies to harness these edi-
ble medicines alongside other treatments for comprehensive 
T2DM management.

Gut microbiota and T2DM

Overall view of gut microbiota, obesity and T2DM

The gut microbiota changes in many diseases [8]. However, 
researches on the changes in the gut microbiota composi-
tion of T2DM are not exactly the same. Especially, some 
studies had found an increased abundance of bacteria in the 
Firmicutes phylum in individuals with T2DM, or observed 
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a decreased abundance in the Bacteroidetes phylum [25–29], 
and other studies have reported the opposite conditions [30, 
31], but the changes in the Firmicutes/Bacteroidetes ratio 
may be considered to be a potential biomarker for predict-
ing T2DM [32]. Even before the emergence of T2DM, 
alterations in the gut microbiota may have already taken 
place, particularly among obese individuals [33]. Obesity 
is widely recognized as one of the primary risk factors for 
T2DM. Yet, it's not the obesity per se that triggers T2DM. 
Instead, it's the insulin resistance and inflammation induced 
by obesity that pave the way for T2DM. Intriguingly, the gut 
microbiota appears to have a role in this intricate process. 
Studies have indicated that the Firmicutes/Bacteroidetes 
ratio might undergo changes in obesity, mirroring similar 
shifts observed in T2DM [34]. Typically, obesity manifests 
before T2DM, emerging when the caloric intake surpasses 
the body's metabolic capabilities. The gut microbiota is 

actively involved in the metabolic activities of the intestines. 
As the body endeavors to mitigate this metabolic strain, the 
composition of the gut microbiota undergoes changes [35]. 
These collective alterations lead to shifts in their metabolic 
byproducts, encompassing variations in SCFAs, BCAAs, 
and disturbances in bile acid metabolism. Such changes in 
gut microbiota-derived metabolites heighten inflammation, 
influencing the body's glucose metabolism [34]. This can 
intensify insulin resistance, potentially culminating in the 
development of T2DM (Fig. S1).

Gut microbiotal metabolites changes in T2DM

As intermediaries between the gut microbiota and the host, the 
changes in the metabolites of the gut microbiota in T2DM are 
relatively consistent [36]. Since the improvement of T2DM 
through edible traditional Chinese medicine primarily involves 

Fig. 1   Delineates the holistic amelioration mechanism of type 2 dia-
betes mellitus (T2DM) through the reverse modulation of gut micro-
biota by edible traditional Chinese medicine (TCM). When TCM 
designated for consumption is integrated into the diet of T2DM 
patients, it regulates the intestinal microbial community, leading to 
an increased abundance of probiotic bacteria and a decreased abun-
dance of pathogenic bacteria. Accompanying this microbiota modula-
tion, there is an observed upsurge in the concentration of short-chain 

fatty acids, a decline in branched-chain amino acids, and an enhanced 
metabolism of bile acids. The fluctuations in these three metabolites 
correlate with a range of biological responses, including suppressed 
appetite, heightened satiety, reduced insulin resistance, increased 
glucose uptake in muscle cells, and alleviated inflammatory reac-
tions. Consequently, this cascade of mechanistic changes collectively 
contributes to the improvement of T2DM. Drawn using the software 
Adobe Illustrator 2023
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three types of gut microbiotal metabolites—short-chain fatty 
acids, secondary bile acids, and branched-chain amino acids—
this review will mainly focus on these three categories of gut 
microbiotal metabolites [22–24, 37–45].

It is suggested that SCFAs might be reduced in individuals 
with T2DM [46, 47]. These SCFAs, namely acetate, butyrate, 
and propionate, are primarily generated by the gut microbiota 
through the fermentation of indigestible dietary components 
[48]. They confer several advantages to the human body, 
encompassing the preservation of intestinal barrier integrity, 
mitigation of inflammation, prevention of cancer, and control 
of blood glucose levels [49], and the main gut microbiota 
responsible for synthesizing SCFAs include Akkermansia, 
Lactobacillus, Clostridium, Roseburia, and Eubacterium [50].

An increase in the levels of BCAAs in patients with 
T2DM has been confirmed [51, 52]. BCAAs, which encom-
pass leucine, isoleucine, and valine, are essential amino 
acids that the human body cannot produce on its own. This 
necessitates their acquisition through dietary sources [53]. 
These amino acids play pivotal roles in influencing host 
metabolism, immunity, and various other physiological 
functions. The gut microbiota, such as Lactobacillus, Bac-
teroides, and Prevotella, are instrumental in the absorption 
of BCAA precursors and synthesis of BCAAs [54].

The relationship between bile acids and T2DM is mul-
tifaceted. Notably, within the context of T2DM, bile acid 
concentrations deviate from those observed in normogly-
cemic individuals [55], e.g., patients with T2DM may have 
elevated bile acid levels [56]. Primary bile acids originate 
from cholesterol and undergo conjugation with taurine or 
glycine in the liver, resulting in the formation of conjugated 
bile acids. Once formed, they are secreted into the small 
intestine. Here, the gut microbiota exerts its metabolic influ-
ence, leading to the deconjugation of these bile acids and 
their subsequent transformation into secondary bile acids. 
A portion of these secondary bile acids undergo reabsorp-
tion in the small intestine and are recycled back to the liver, 
while the remainder is excreted from the body in conjunc-
tion with other metabolites [57]. The production of second-
ary bile acids requires the involvement of gut microbiota 
such as Lactobacillus, Bifidobacterium, Clostridium, Ente-
rococcus, Eubacterium, and Bacteroides. In T2DM, it has 
been observed that the abundance of these bacteria changes, 
potentially lead to an undesirable change in the generation 
of secondary bile acids [13].

Edible traditional Chinese medicines change 
microbiota metabolites in T2DM

During the Qin and Han dynasties, the Yellow Emperor's 
Inner Canon mentioned: Excessive adiposity engenders 
internal heat, while the consumption of sweet substances 

induces a sensation of abdominal fullness. Consequently, 
this surplus energy ascends and transforms into an affliction 
characterized by unquenchable thirst, which corresponds to 
the modern medical condition known as diabetes mellitus. 
In the Eastern Han period, a renowned physician named 
Zhang Zhongjing dedicated a discourse to diabetes in his 
work Synopsis of the Golden Chamber proposing the use of 
formulations such as the Ginseng and White Tiger Decoc-
tion for treatment. In the Tang Dynasty, Sun Simiao further 
advocated dietary therapy for diabetes. In contemporary 
clinical practice, dietary therapy remains relevant for treat-
ing T2DM [58].

Within the realm of traditional Chinese medicines, there 
exists a distinct category of them that can serve not only 
as traditional remedies but also as ingredients for food. 
These medicines are known as edible traditional Chinese 
medicines. This group of traditional Chinese medicines has 
gradually gained attention in the treatment of T2DM and has 
been found to correlate with improvements in the metabolic 
products of gut microbiotal metabolites.

By conducting searches on PubMed and incorporating 
the list of edible traditional Chinese medicines released by 
the National Health Commission of the People's Republic 
of China on November 10, 2021 (Table S1), a total of twelve 
types of edible traditional Chinese medicines were identified 
as possibly improving T2DM by changing gut microbiota 
and clear the alterations in the three mentioned microbial 
metabolites (Table 1).

Ganoderma lucidum

Ganoderma lucidum, known as "Ling Zhi" in Chinese, is 
regarded in traditional Chinese medicines as a tonic that 
strengthens the body and extends life. Research conducted 
on rats with T2DM has revealed that the intake of Gano-
derma lucidum can lower serum glucose levels by inhibiting 
the expression of the PEPCK gene in the liver, demonstrat-
ing its potential as a treatment for T2DM [59]. Furthermore, 
Ganoderma lucidum contains a compound named FYGL 
(Fudan-Yueyang-G. lucidum), which is believed to lower 
fasting blood glucose levels and enhance insulin levels. 
This effect may be achieved by inhibiting the expression 
and activity of PTP1B in skeletal muscles [60]. Addition-
ally, FYGL may improve insulin secretion by suppressing 
the activation of NF-κB, JNK, and p38 MAPK signaling 
pathways, as well as by reducing the intracellular accumula-
tion of reactive oxygen species and nitric oxide [61].

Current research findings indicate that the key compo-
nents affecting the gut microbiotal metabolites in T2DM are 
Ganoderma lucidum polysaccharides (GLP) [22]. In Chen 
et al.’s study, GLP was administered to T2DM rats, resulting 
in a significant reduction in the fasting blood glucose and 
insulin levels of these rats. Further analysis revealed that 
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GLP decreased the abundance of gut microbiota, such as 
Dorea and Ruminococcus, increased the abundance of Blau-
tia, Dehalobacterium, Parabacteroides, and Bacteroides. 
Butyric acid and valeric acid, two kinds of SCFAs also 
increased. They are believed to enhance the anti-inflamma-
tory cytokines IL-10 express and suppress pro-inflammatory 
cytokines [22].

Astragalus membranaceus

Astragalus membranaceus, known as "Huangqi" in Chinese, 
belongs to the plant family Leguminosae [62]. In traditional 
Chinese medicines, it is believed to possess functions such 
as enhancing immune function, improving digestion, and 
alleviating fatigue and weakness. Astragalus membranaceus 
has been shown to have effects in lowering blood glucose 
levels and enhancing pancreatic sensitivity [63–67]. Astra-
galus membranaceus (AMP) polysaccharides are the main 
active components of Astragalus membranaceus. When uti-
lized to intervene with diabetic mice, AMP was found to 
lead to a significant increase in the abundance of Akkerman-
sia and Faecalibaculum. Further analysis revealed a notable 
rise in the levels of SCFAs, particularly butyric acid and 
acetic acid. It is believed that SCFAs, through the activation 
of GPCR 41/43 in L cells, stimulate the release of GLP-1, 
thereby enhancing insulin sensitivity. Simultaneously, they 
elevate the levels of Occludin and ZO-1, thus improving gut 
integrity and reducing inflammation [23].

Lycium barbarum L.

The Chinese name for L. barbarum L. (LBL) is "Gou Qi", 
and one of the most common uses for L. barbarum L. is to 
brew it as a tea, which is believed to have the effect of nour-
ishing the liver and kidneys [68]. Polysaccharides from L. 
barbarum (LBPs) are believed to possess anti-diabetic prop-
erties [69]. When intervening in T2DM mice with LBPs, 
alterations in the gut microbiota abundance were observed. 
Specifically, there was an increase in the abundance of Bac-
teroidetes and Actinobacteria, while Firmicutes and Lach-
nospiraceae declined. Furthermore, there was a notable rise 
in the levels of butyrate among the SCFAs. Butyrate plays 
a pivotal role in promoting epithelial cell proliferation, aug-
menting the expression of the mucin 2 gene, and facilitating 
the assembly of tight junctions. This aids in preserving the 
integrity of the gut, subsequently reducing inflammation and 
the progression of insulin resistance [24].

Panax ginseng

Panax ginseng, the Chinese herb known as "Ren Shen", with 
its root being the main medicinal part, is believed to possess 
functions such as enhancing immunity, alleviating fatigue, 

and boosting mental well-being [70]. Studies have indicated 
that Ginseng can alleviate insulin resistance in mice and 
hinder the progression of diabetes, which might be related 
to the gut microbiota and its metabolites [71, 72]. A polysac-
charide known as GPS-1, derived from Ginseng, was found 
to play a significant role in improving T2DM. GPS-1 led to 
alterations in the composition of gut microbiota in T2DM 
rats. Notably the abundance of Akkermansia, Lactobacillus, 
Bacteroides increased, while Proteobacteria, Shigella and 
Firmicutes/Bacteroidetes ratio decreased. Further analysis 
of gut microbiotal metabolites showed a notable increase in 
the levels of SCFAs including acetate, propionate, butyrate, 
and valerate in T2DM rats treated with GPS-1. This suggests 
that GPS-1 potentially raised the SCFAs levels in these rats. 
SCFAs, upon binding to GPR41/GPR43 receptors, trigger 
signaling responses that activate gut hormones secretion, 
such as GLP-1 and PYY. This, in turn, contributes to the 
improvement of glucose levels and insulin resistance [37].

Dendrobium officinale

Dendrobium officinale is an orchidaceous plant widely used 
in traditional Chinese medicines to nourish the lungs and 
stomach, among other applications [73]. The potential of 
D. officinale in improving T2DM has been confirmed, likely 
through the modulation of gut microbiota or microbiota 
metabolites [74, 75]. Dendrobium officinale polysaccharide 
(DOP) has the ability to reshape gut microbiota and repair 
intestinal barrier damage, possibly achieved by promoting 
the growth of beneficial bacteria and suppressing harmful 
ones like Helicobacter pylori [75]. A study revealed that 
DOP primarily consists of glucose and mannose, with man-
nose being the major component. Following the administra-
tion of DOP to prediabetic mice, significant alterations were 
observed in the gut microbiota composition. Abundances 
of Roseburia, Lactobacillus and Bifidobacterium increased, 
while the Firmicutes/Bacteroides (F/B) ratio and Colidextri-
bacter decreased. The overall content of SCFAs, particularly 
acetic acid, increased in gut microbiotal metabolites. SCFAs 
are closely linked to the free fatty acid receptors FFAR2 
and FFAR3. After DOP treatment, the expression of FFAR2 
and FFAR3 significantly increased, possibly stimulated by 
the elevated SCFAs. FFAR2 and FFAR3 are intricately 
connected with gut hormones GLP-1 and PYY and they 
improved insulin resistance, enhanced glucose metabolism, 
and appetite control, SCFAs/FFAR2/FFAR3 pathway also 
connected with NF-κB, the pathway can inhibit NF-κB and 
improve inflammation [38].

Mulberry

Mulberry are common plants, also called Morus alba and 
their leaves are often used for silk production by silkworms. 
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Additionally, these leaves are frequently infused to make tea, 
which is believed to help regulate blood glucose levels and 
promote metabolism. Research has demonstrated that mul-
berry leaf can serve as a complementary dietary component 
for individuals with T2DM [76, 77].

One bioactive compound found in mulberry leaves called 
1-deoxynojirimycin (DNJ) has been shown to reduce levels 
of plasma lipopolysaccharides, IL-6, and TNF-α in T2DM 
rats. This reduction alleviates inflammation in the liver and 
colon tissues. Additionally, DNJ inhibits the expression of 
suppressor of SOCS3 and the activity of the TLR4/NF-κB 
signaling pathway. DNJ also enhances the expression of adi-
ponectin and improves the phosphorylation ratio of IRS1 to 
Tyr896/IRS1. These effects suggest that DNJ may have a 
role in ameliorating T2DM and that these effects could be 
related to the modulation of gut microbiota and its metabo-
lites [78].

Zheng et al. examined the relationship between the water 
extract of mulberry leaves (MLE) and gut microbiotal 
metabolites in T2DM rat models. Following MLE interven-
tion, significant changes were observed in the abundance 
of gut microbiota such as Proteobacteria, Firmicutes, and 
Cyanobacteria. Furthermore, the levels of gut microbiotal 
metabolites BCAAs were notably reduced. This reduction 
could be attributed to the impact of MLE on the changes of 
enzymes such as BCKDH E1α, BCKDH E1β, DBT, and 
PPM1K. These enzyme alterations facilitate the degrada-
tion of BCAAs [45]. Elevated BCAAs are associated with 
insulin resistance, mitochondrial dysfunction, accumulation 
of metabolic toxins, and inflammation—several metabolic 
abnormalities that interfere with insulin signaling, cellu-
lar energy metabolism, and inflammatory responses, thus 
promoting the development of T2DM [51, 52]. The water 
extract of mulberry leaves reduces the levels of BCAAs, 
which may potentially aid in the improvement of T2DM.

Coix seed

Coix seed (CS), a type of grain commonly added to por-
ridge, is believed to have hypolipidemic and anti-inflamma-
tory properties, offering potential relief for diabetes [79]. 
Studies in mouse models have indicated that including CS 
in the diet partially counteracts the adverse metabolic effects 
of a high-fat diet. This effect might be associated with gut 
bacteria such as Akkermansia, Muciniphila and Lactobacil-
lus agilis, suggesting that CS could function as a prebiotic 
to benefit individuals with metabolic disorders like obesity 
[80].

Intervention with Coix seed polysaccharides (CSP) led 
to increased levels of serum insulin and high-density lipo-
protein cholesterol in mice. Conversely, total cholesterol, 
triglycerides, and low-density lipoprotein cholesterol levels 
decreased. These changes could be attributed to shifts in 

the gut microbiota composition, particularly an increase in 
Bacteroides, Lactobacillus, and Akkermansia, along with 
elevated SCFAs. The rise in SCFAs was linked to the acti-
vation of the IGF1/PI3K/AKT signaling pathway, associ-
ated with improved blood lipid and glucose levels [39, 81]. 
Essentially, the activation of the IGF1/PI3K/AKT pathway 
contributed to lower fasting blood glucose and total choles-
terol levels, thereby ameliorating T2DM [39].

Gastrodia elata Blume

Gastrodia elata Blume (GEB), also known as "Tian Ma" in 
Chinese, belongs to the orchidaceae family. It is believed 
that GEB has effects in treating symptoms such as migraines, 
rheumatic pain, and limb numbness [82]. Research has 
shown that GEB also holds potential in the treatment of dia-
betes [83–85]. Gastrodin, the primary chemical constituent 
of GEB, has been identified as playing a key role. In type 
2 diabetes, Gastrodin can activate the PI3K/AKT signaling 
pathway to promote the GATA1, enhancing its transcrip-
tional activity. This, in turn, increases the expression of 
USP4, reducing the ubiquitination and degradation of insulin 
receptors, ultimately improving insulin resistance [83]. A 
study by Wang et al. discovered that Gastrodia elata Blume 
extract (GEBE) can increase the abundance of Faecalibacu-
lum and Lactobacillus, leading to elevated concentrations 
of deoxycholic acid. The study also highlighted that deoxy-
cholic acid can bind to FXR and TGR5 receptors, elevat-
ing the levels of GLP-1. Additionally, bile acids facilitate 
the expression of the GLUT-4 transporter in adipocytes and 
inhibit the TLR4-NF-κB signaling pathway, thereby mitigat-
ing inflammation [44].

Cornus officinalis

Cornus officinalis is a versatile plant valued for both its 
medicinal and nutritional properties, believed to nourish 
the liver and kidneys. Its extracts play a pivotal role in anti-
inflammatory, antioxidant, and immunoregulatory activi-
ties [86]. Furthermore, Cornus officinalis may have a sig-
nificant impact on the improvement of T2DM [87]. Radix 
Rehmanniae is exclusively used as a traditional Chinese 
medicine, when Radix Rehmanniae was combined with 
Cornus officinalis to treat KK-Ay mice, there was a nota-
ble increase in the abundance of Clostridiaceae in the gut 
microbiota, while the abundance of Catabacter, Marvin-
bryantia, and Helicobacter significantly decreased. Con-
currently, the concentration of butyric acid saw a marked 
rise. This could be linked to the acid/GLP-1/GLP-1 Receptor 
Pathway. By activating this pathway, the glucose metabolism 
in mice improved, and the butyrate also led to a downregula-
tion in the inflammatory markers IL-6 and TNF-α. However, 
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the main active components of Cornus officinalis and Radix 
Rehmanniae were not mentioned [40].

Vigna radiata L.

Vigna radiata L., also known as the Mung bean, is believed 
to have properties that can improve glucose levels, combat 
hyperlipidemia, and hypertension, and even offer potential 
cancer prevention benefits [88]. It is frequently added to 
rice porridge as a part of daily diets [89]. The anti-diabetic 
effects of mung beans are increasingly being validated. In 
research conducted by Sating et al., they extracted active 
compounds from mung beans using boiling water and then 
applied this extract to insulin-resistant HepG2 cells, the 
results demonstrated a significant improvement in insulin 
sensitivity [90]. Another study by Charoensiddhi et al. found 
that mung bean extract intervention reduced inflammatory 
responses in insulin-resistant HepG2 cells. Furthermore, 
this mung bean extract also altered the composition of the 
gut microbiota, leading to an increase in the concentration 
of SCFAs in the feces of healthy individuals [91]. Hou 
et al. treated prediabetic mice with mung bean coat extract. 
This treatment resulted in significant changes in the mice's 
gut microbiota. Specifically, there was an increase in the 
abundance of Firmicutes, Roseburia, Bifidobacterium, and 
Romboutsia, while abundance of Lactobacillus, Rikenella, 
Odoribacter, and Proteobacteria decreased. Further analy-
sis of SCFAs revealed elevated levels of acetic acid, propi-
onic acid, and butyric acid in the feces, associated with an 
improvement in the mice's insulin resistance [41].

Laminaria japonica

Laminaria japonica, commonly referred to as "kelps" when 
used as a food ingredient, takes on the name "Kun Bu" in 
traditional Chinese medicines [92]. The soluble dietary fiber 
found in Laminaria japonica may offer therapeutic benefits 
for T2DM and has been shown to alter the gut microbiota 
composition in T2DM mice [93]. Additionally, a polysac-
charide known as sulfated fucogalactan, present in Lami-
naria japonica, might enhance mitochondrial function and 
treat β-cell failure by activating the SIRT1-PGC1-α Signal-
ing Pathway [94]. Another polysaccharide, Fucoidan, found 
in Laminaria japonica, was identified as the primary active 
ingredient against diabetes in a study by Zhang et al. In their 
research, both high and low doses of Laminaria japonica 
fucoidan (LJF) were administered to diabetic mice. The 
findings revealed that LJF increased the abundance of gut 
microbiota such as Lactobacillus and Allobaculum, while 
decreasing the levels of Bacteroides and Klebsiella. Further-
more, mice treated with LJF exhibited a significant rise in 
the levels of SCFAs, including acetic acid, propionic acid, 
iso-butyric acid, iso-valeric acid, and valeric acid. Notably, 

this increase was directly proportional to the dosage of LJF 
administered [42].

Siraitia grosvenorii

Siraitia grosvenorii, also known as monk fruit, is a fruit that 
serves both medicinal and dietary purposes and often used 
as a sweetener in various foods [95]. Siraitia grosvenorii 
boasts a wide range of medicinal benefits, believed to reduce 
inflammation and enhance immunity [96]. Mogrosides, a 
natural compound found in Siraitia grosvenorii, are thought 
to have potential therapeutic effects on T2DM [97]. Further 
research suggests that the anti-diabetic effects of mogro-
sides might be related to the AMPK pathway [98]. How-
ever, mogrosides might also exert their therapeutic effects on 
T2DM through the modulation of gut microbiota. In a study 
by Zhang et al., T2DM rats were treated with both high and 
low doses of Siraitia grosvenorii glycosides (SGgly). The 
results showed a significant increase in the abundance of 
Elusimicrobium and Acetitomaculum, while the levels of 
Proteobacteria, Escherichia-Shigella, and Desulfovibrio 
significantly decreased. Further analysis of the gut microbial 
metabolites revealed an increase in SCFAs, primarily acetic 
acid, butyric acid, propionic acid, and also glycohyocholic 
acid while decrease in the level of 1β-hydroxycholic acid, 
12α-hydroxylated bile acids, 12α-hydroxylated bile acids. 
The study suggests that such changes might lead to a rise in 
GLP-1 levels, subsequently improving insulin resistance in 
diabetic rats [43].

In general, the majority of edible traditional Chinese 
medicines lead to elevated levels of SCFAs [22–24, 37–43]. 
Additionally, intervention with Gastrodia elata Blume has 
been linked to an increase in deoxycholic acid levels [44], 
Siraitia grosvenorii administration led to glycohyocholic 
acid increasing and 12α-hydroxylated bile acids, deoxy-
cholic acid and 1β-hydroxycholic acid decreased. Also, 
Mulberry leaf extract has been associated with a reduction 
in levels of BCAAs [45]. These changes may all contribute 
to the improvement of T2DM.

Molecular mechanisms and biological 
effects

Anti‑inflammation

Inflammation has been proven to have a strong correlation 
with insulin resistance in T2DM [99]. Although the anti-
inflammatory mechanisms of these gut microbiotal metabo-
lites may be diverse, it is interesting to note that the NF-κB 
signaling pathway is involved both SBAs and SCFAs.

NF-κB serves as a pivotal transcription factor, playing a 
critical role in the orchestration of inflammatory responses 
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[100]. Under normal conditions, NF-κB forms a complex 
with the inhibitory protein IκB within the cytoplasm, ren-
dering NF-κB inert. Upon initiation of an inflammatory 
response, IKK phosphorylates IκB, triggering its subse-
quent degradation. This liberation of NF-κB enables its 
migration into the cell nucleus, where it binds to specific 
DNA sequences, thereby igniting the transcription of target 
genes—among them, pro-inflammatory factors like TNFα 
and IL-6 [101].

SCFAs exhibit the capacity to quell NF-κB activity, with 
a particular potency observed in butyric acid, leading to the 
attenuation of inflammatory reactions [102]. The underlying 
mechanism is postulated as follows: FFA2 and FFA3, both 
types of G protein-coupled receptors (GPCR), possess an 
affinity for binding to SCFAs [103, 104]. Upon SCFA bind-
ing to the them, especially FFA2 also called GPR43, they 
facilitate the recruitment of β-arrestins-2 [105]. This recruit-
ment process holds the potential to bolster the stability of 
IκBα, thereby curbing its degradation and subsequently 
repressing NF-κB activity [106].

TGR5 is a GPCR that serves as a binding receptor for 
bile acids [107]. Research has shown that when secondary 
bile acids bind to TGR5, there is an elevation in cAMP lev-
els, which in turn activates protein kinase A, leading to the 
inhibition of NF-κB activity [108]. Xiao et al. suggest that 
the activation of TGR5 may also recruit β-arrestin2, similar 
to the mechanism with SCFAs, resulting in sustained inhi-
bition of NF-κB activity [109]. Additionally, the FXR is 
a nuclear receptor primarily located in the liver. It plays a 
pivotal role in bile acid metabolism and stands as another 
receptor capable of binding with bile acids. Under condi-
tions of ischemic-reperfusion injury, the activation of FXR 
suppresses the activity of TLR4, subsequently inhibiting the 
signaling of the NF-κB pathway [110]. However, the activa-
tion of FXR may serve as a biological signal promoting the 
NF-κB pathway as well [111] (Fig. 2).

In addition, SCFAs can also stimulate Occludin and ZO-1 
by binding to receptors FFA2 and FFA3, as well as enhance 
tight junctions between intestinal epithelial cells, which 
improves the intestinal barrier. thereby preventing the ini-
tiation of inflammatory responses [112].

Improving glucose metabolism

In enteroendocrine L cells, receptors FFAR2/FFAR3 are 
present, and the gut hormones GLP-1 and PYY are stored 
within vesicles of these cells [113]. The binding of SCFAs 
to FFAR2/FFAR3 promotes the fusion of vesicles contain-
ing GLP-1 and PYY with the cell membrane, leading to the 
release of GLP-1 from the cell [114]. Similarly, the binding 
of secondary bile acids to the TGR5 receptor can produce 
the same effect [115]. Once released by the enteroendo-
crine L cells into the circulatory system, GLP-1 and PYY 

primarily target five organs: the liver, pancreatic islets, hypo-
thalamus, skeletal muscle, and intestine. GLP-1 activates 
its receptor on pancreatic β-cells, enhancing insulin secre-
tion. Additionally, GLP-1 acts on its liver receptor, reducing 
hepatic glucose production, and on its skeletal muscle recep-
tor, increasing glucose uptake. Both GLP-1 and Y2 receptors 
are present in the hypothalamus, where they receive sig-
nals from GLP-1 and PYY, respectively, leading to reduced 
appetite and food intake. In the intestine, these receptors, 
when activated by GLP-1 and PYY, can slow down intestinal 
motility, enhancing the feeling of satiety [116].

Furthermore, an increase in bile acids, especially second-
ary bile acids, can influence GLUT-4, a glucose transporter 
primarily expressed in adipocytes and myocytes. Typically, 
GLUT-4 resides intracellularly when glucose uptake is not 
required. The binding of bile acids to FXR may induce 
GLUT-4 translocation, enhancing glucose uptake [117].

BCAAs, besides potentially inducing insulin resistance 
through impaired lipid metabolism, might also interfere with 
insulin signaling via the mTOR pathway [118]. mTOR is an 
atypical serine/threonine kinase, a member of the phospho-
inositide 3-kinase-related kinase protein family. Two distinct 
complexes, mTORC1 and mTORC2, exist within cells [119]. 
Studies have shown that mTORC1 activity is modulated by 
BCAAs, especially leucine [120]. When BCAAs accumulate 
in cells, mTORC1 can be activated, which induces serine 
phosphorylation of IRS-1, inhibiting its activity, impair-
ing insulin signaling, and inducing insulin resistance [121]. 
Additionally, BCAAs expression might also suppress Glut4 
expression, potentially reducing the number of GLUT-4 
transporters and glucose uptake in myocytes and adipocytes 
[122] (Fig. 3).

Edible traditional Chinese medicines 
combined with other therapeutic methods 
in T2DM

Diet

Diet plays a fundamental role in the treatment and preven-
tion of diabetes and obesity [58]. Currently, several dietary 
approaches have been proposed for the improvement of 
T2DM, including the Mediterranean diet, low-carbohy-
drate diet, high-fiber diet, high-protein diet, vegan diet, and 
ketogenic diet [123]. These diets share common character-
istics such as being low in carbohydrates and fat, and high 
in fiber and protein. In essence, these dietary strategies are 
aimed at transforming unhealthy eating habits of individuals 
with T2DM.

The integration of edible traditional Chinese medicines 
into these dietary practices not only promotes healthier eat-
ing habits for individuals with type 2 diabetes but also holds 
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potential therapeutic benefits. By incorporating such medici-
nal herbs into these dietary regimens, there is an opportunity 
to not only improve the overall healthiness of the dietary 
habits in managing type 2 diabetes but also explore potential 
therapeutic effects.

Probiotics and probiotics

Probiotics refer to beneficial microbial communities that 
confer health benefits to the host. Administered orally, pro-
biotics can improve or maintain the equilibrium of the gut 
microbiota [124]. Common probiotic products primarily 
contain microbiota such as Lactobacillus and Bifidobacte-
rium [124]. Consumption of these products is associated 
with an increased abundance of these microbial communi-
ties within the intestinal tract, thereby modulating metabolic 
profiles and enhancing the metabolic products of the gut 
microbiota to potentially alleviate or prevent diseases like 
T2DM [125]. Prebiotics, on the other hand, are specialized 
forms of dietary fiber, such as oligofructose [126]. Typically, 
prebiotics are consumed synergistically with probiotics. 
Prebiotics serve as substrates, fueling the growth and meta-
bolic activities of probiotics. This symbiotic consumption 

is believed to foster a more conducive environment for the 
ingested probiotics to thrive and proliferate within the gut, 
thereby amplifying the beneficial effects of probiotic sup-
plementation [124].

Some edible traditional Chinese medicines are consid-
ered highly promising prebiotic. Studies in animal models 
have shown that edible traditional Chinese medicines signifi-
cantly increase the abundance of probiotic bacteria such as 
Lactobacillus, Bifidobacterium, and Proteobacteria [37–39, 
42]. This suggests that components in edible traditional Chi-
nese medicines provide nutritional support for the growth 
and metabolism of these probiotics. The synergistic use of 
edible traditional Chinese medicines and probiotics could 
potentially greatly enhance the therapeutic effectiveness of 
probiotics in treating patients with T2DM.

Discussion

Edible traditional Chinese medicines show promising poten-
tial in mitigating T2DM by focusing on the gut microbiota. 
This objective can be realized through the modification of 
gut microbiota composition, resulting in elevated levels of 

Fig. 2   Delineates the mechanism by which short-chain fatty acids 
(SCFAs) and secondary bile acids modulate inflammatory responses 
via the inhibition of the NF-κB pathway. SCFAs and secondary bile 
acids exert their actions by interacting with their respective G-pro-
tein-coupled receptors (GPCRs)—FFA2 for SCFAs and TGR5 for 
secondary bile acids. This interaction recruits β-arrestins-2, which 
subsequently suppresses the degradation of IkB by IKK, ensuring 
sustained inhibition of NF-κB activity. Concurrently, secondary bile 
acids can also directly activate protein kinase A (PKA) via the TGR5 

receptor, resulting in further inhibition of NF-κB. Additionally, the 
farnesoid X receptor (FXR), a nuclear receptor that binds with sec-
ondary bile acids, can impede NF-KB activity through the suppres-
sion of TLR4. With the inhibition of NF-κB activity, there is a con-
sequent reduction in the expression of pro-inflammatory cytokines 
such as IL-6 and TNF-α, thereby alleviating inflammation. Created 
with BioRender.com. Adapted from “NF-κB Signaling Pathway”, by 
BioRender.com (2023). Retrieved from https://​app.​biore​nder.​com/​
biore​nder-​templ​ates (accessed on 24th Aug 2023)

https://app.biorender.com/biorender-templates
https://app.biorender.com/biorender-templates
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SCFAs, reduced BCAAs, and improved SBAs metabolism. 
These alterations collectively contribute to the reduction of 
inflammation and the improvement of glucose metabolism, 
thus offering a comprehensive approach to tackling T2DM.

An intriguing phenomenon arises when focusing on the 
impact of interventions using edible traditional Chinese 
medicines on secondary bile acids. In the context of Sirai-
tia grosvenorii intervention, inconsistent results have been 
observed. Following the administration of Siraitia gros-
venorii, an increase in glycohyocholic acid was detected in 
the fecal samples of T2DM rats, while 12α-hydroxylated bile 
acids and 1β-hydroxycholic acid decreased. Zhang et al.'s 
study noted a positive correlation between 1β-hydroxycholic 

acid and insulin resistance, and a negative correlation 
between 12α-hydroxylated bile acid and insulin action [43]. 
Additionally, research by Petersen et al. suggested a negative 
association between glycohyocholic acid and insulin resist-
ance [127]. Consequently, the elevation of glycohyocholic 
acid levels and the reduction of 12α-hydroxylated bile acids 
and 1β-hydroxycholic acid would seemingly be beneficial 
for T2DM. However, intervention using Gastrodia elata 
Blume in mice resulted in an increase in deoxycholic acid 
levels, while intervention using Siraitia grosvenorii led to 
a decrease in deoxycholic acid levels. Although both stud-
ies improved diabetes symptoms in the mice, they exhib-
ited contradictory changes in deoxycholic acid levels, and 

Fig. 3   Illustrates the integrated 
mechanisms by which short-
chain fatty acids (SCFAs), 
secondary bile acids, and 
branched-chain amino acids 
(BCAAs) modulate blood glu-
cose metabolism. SCFAs bind 
to G-protein-coupled receptors 
FFAR2/FFAR3, while second-
ary bile acids connect with the 
GPCR TGR5, promoting the 
fusion of vesicles in intestinal 
L-cells and subsequent release 
of GLP-1 and PYY. These 
peptides enhance satiety, reduce 
appetite, decrease hepatic glu-
cose synthesis, increase muscle 
cell glucose uptake, and aug-
ment insulin secretion. BCAAs 
enter cells via membrane 
channels, activating mTORC1, 
which inhibits the IRS-1 and 
reduces GLUT-4 expression. 
As GLUT-4 facilitates glucose 
uptake into fat cells, its modula-
tion affects blood glucose. 
Additionally, the secondary bile 
acid receptor FXR promotes 
GLUT-4 translocation, suggest-
ing a role for secondary bile 
acids in glucose regulation, 
drawn using the software Adobe 
Illustrator 2023
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this discrepancy might stem from the utilization of dispa-
rate sample types for analysis of serum and fecal samples, 
respectively [43, 44]. The elevation of deoxycholic acid 
due to Gastrodia elata Blume intervention is consistent 
with the conclusion drawn from the use of metformin in 
T2DM patients, as well as the inherent increase of deoxy-
cholic acid in T2DM [44, 56]. Therefore, the elevation of 
deoxycholic acid in serum could potentially confer benefits 
for T2DM. As for the elevated deoxycholic acid concentra-
tion in T2DM individuals without any intervention, it might 
be attributed to a protective mechanism orchestrated by the 
body. Comprehensive research encompassing all relevant 
molecular mechanisms associated with deoxycholic acid in 
T2DM may be necessary to elucidate this matter. In conclu-
sion, the diversity of secondary bile acid types corresponds 
to a duality in their effects. Given that this review focuses 
on the potential benefits of secondary bile acid modulation 
in improving T2DM and subsequently omits the potential 
drawbacks associated with bile acids.

Edible traditional Chinese medicines might become inte-
gral components of the daily diet for T2DM patients and 
may combined with other therapeutic methods in the future. 
Many edible traditional Chinese medicines, like Pueraria 
montana and Silybum marianum, have shown potential in 
improving T2DM through modulation of gut microbiota, 
but the specific changes in microbial metabolites remain 
unclear [128, 129]. Clinical trials have already demonstrated 
the efficacy like Astragalus membranaceus, Ginseng, and 
Mulberry in T2DM patients. However, more clinical trials 
are required to ascertain the effects of other edible traditional 
Chinese medicines. Additionally, it is worth noting that the 
source of raw materials or production method of these edible 
traditional Chinese medicine may lead to significant varia-
tions in the composition of active ingredients. Furthermore, 
the method of administration, or co-consumption with other 
foods, might also influence their effects. Inter-individual 
digestive differences and the complexity of certain foods 
could further increase the uncertainty in medical applica-
tions. To ensure the efficacy and safety of edible traditional 
Chinese medicines, we must consider these variables and 
make appropriate adjustments when applying them. Espe-
cially when transitioning from food applications to medici-
nal applications, we need to be extra cautious, ensuring that 
each ingredient is discussed from both a therapeutic and 
safety perspective, during the clinical trials, these issues 
should all be taken into consideration.

Current research on the effects of edible traditional Chi-
nese medicines on T2DM mainly utilizes techniques such 
as 16S rDNA high-throughput sequencing and gas chro-
matography to identify changes in gut microbiota and their 
metabolites. However, only a limited number of studies 
have successfully proposed and validated specific molecu-
lar mechanisms. Achieving a comprehensive understanding 

of how edible traditional Chinese medicines impact T2DM 
through gut microbial metabolites necessitates a holistic 
approach that combines multi-omics research with in-depth 
molecular mechanistic studies. Future research efforts 
should aim to address this gap in knowledge and shed further 
light on this intricate relationship.
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