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A B S T R A C T   

Inflammation is a complex physiological phenomenon, which is the body’s defensive response, 
but abnormal inflammation can have adverse effects, and many diseases are related to the in
flammatory response. AMPK, as a key sensor of cellular energy status, plays a crucial role in 
regulating cellular energy homeostasis and glycolipid metabolism. In recent years, the anti- 
inflammation effect of AMPK and related signalling cascade has begun to enter everyone’s 
field of vision – not least the impact on metabolic diseases. A great number of studies have shown 
that anti-inflammatory drugs work through AMPK and related pathways. 

Herein, this article summarises recent advances in compounds that show anti-inflammatory 
effects by activating AMPK and attempts to comment on them.   

1. Introduction 

As a natural response to injuries, infections, and stress, inflammation is a complex physiological phenomenon that occurs in the 
body. Yet it remains a vital component of a number of pathological disorders. Inflammatory diseases, whether they are acute or 
chronic, pose a serious threat to human health [1]. Various diseases are linked to chronic inflammation, including autoimmune 
diseases, type 2 diabetes, and cancer. Inflammation-related diseases are now among the major causes of morbidity and mortality 
globally due to their increasing prevalence [2]. Hence, it is imperative to develop medications that can control inflammation in order 
to treat these diseases or, for an even better choice, prevent them. When there is inflammation, multiple proinflammatory cytokines are 
produced, and so are other inflammatory mediators [3,4]. These variables mitigate and exacerbate inflammatory responses and are 
implicated in the pathogenesis of numerous associated disorders. The transcription factor nuclear factor kappa-B (NF-κB) as a 
well-studied archetypal proinflammatory signalling pathway, strongly correlates with various proinflammatory factors [5]. 
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1.1. AMPK overview 

An AMP-activated kinase (AMPK), a heterotrimer, consists of a catalytic α- and two non-catalytic β- and γ-subunits, which bind 
AMP, ADP and ATP, three adenosine nucleotides [6–11]. AMPK is partially directly regulated by adenylate charge. The activation of 
the master regulator is mediated by two different pathways, either an AMP-dependent or a Ca2+-dependent route, with liver kinase B1 
(LKB1) mediating activation by the former pathway and Ca2+ calmodulin-dependent protein kinase beta (CaMKKβ) doing so by the 
latter [12–15]. As a highly conserved serine/threonine kinase, it also serves as a key sensor of cellular energy status and plays an 
essential role in regulating cellular energy homeostasis and glycolipid metabolism. And it regulates multiple pathophysiological 
processes, to name a few, autophagy, protein synthesis, and apoptosis [16,17]. 

Among the class III histone deacetylases, sirtuin 1 (SIRT1) is the most conserved protein deacetylase that depends on nicotinamide 
adenine dinucleotide (NAD+). AMPK is SIRT1’s mediator, mediating both upstream and downstream [18,19]. AMPK and SIRT1 play 
pivotal roles in energy balance as well as inflammatory response. The AMPK pathway is a negative regulator of inflammation. AMPK 
activation can inhibit NF-κB, inhibit the expression of inflammatory genes, and reduce inflammatory damage [20,21]. An evolu
tionarily conserved family of stress-responsive proteins, sestrins, is upregulated by stress conditions, such as oxidative stress, and 
genotoxic stress. Sestrin2 (Sesn2), an antioxidant, prevents reactive oxygen species from accumulating [22]. Researchers discovered 
that Sestrin2 activates AMPK both in vitro and in vivo [23]. Oxidative stress induces the formation of oxygen free radicals, which can 
negatively impact cells and trigger the release of inflammatory mediators, like tumour necrosis factor-α (TNF-α), interleukin (IL)-1β, 
IL-6 and nitric oxide (NO) [24]. 

Adding to this, AMPK reportedly is of vital importance in preventing inflammatory responses by inhibiting NLRP3 inflammasome 
activity. This pathway is crucial in mediating systemic inflammatory responses [25]. 

Research has shown that AMPK may serve as a therapeutic target for a variety of metabolic disorders. It is thought to help improve 
conditions like non-alcoholic fatty liver disease (NAFLD) and the progression of osteoarthritis (OA) [26–28]. While this paper aims to 
summarise the compounds that activate AMPK, directly or indirectly, it is also important to note that, AMPK activation is not the only 
way of regulating energy balance-related conditions [29]. Table 1 displays the effects of the compounds (Table 1). Current clinical 
trials of the drugs are given in Table 2. 

Table 1 
Effects of the compounds.  

Compound Model Disease/Disorder Targets 

Melatonin NEC mice Necrotising enterocolitis AMPK/SIRT1; PGC-1α; NRF1; NRF2; TFAM 
Corosolic acid HFD-fed mice; Th17 and 

Treg cells 
NAFLD AMPK/SREBPs; NF-κB/MAPK 

Ilexgenin A HFD-fed mice; EA.hy-926 
cells 

Endothelial dysfunction LKB1; NF-κB; TXNIP/NLRP3 inflammasome 

Cryptotanshinone HepG2 cells ALD AMPK/SIRT1; ACC; NF-κB 
Atractylenolide III Ulcerative colitis Ulcerative colitis AMPK/SIRT1/PGC1α 
Quercetin OA rats Osteoarthritis AMPK/SIRT1; PGC-1α, FoxO3A; NF-κB; NRF-1, 

NRF-2, TFAM 
Isovitexin BV-2 cells; LPS-injected 

mice 
Neuroinflammation; Depression CaMKKβ 

Nobiletin LPS-induced depression rat 
model 

Parkinson’s disease; Alzheimer’s disease NLRP3 inflammasome 

Luteolin mouse OA model produced 
by DMM 

Osteoarthritis AMPK/Nrf2 

Hesperetin SIRT1 knockdown 293T 
cells 

Hepatic inflammation AMPK/SIRT1; NF-κB; AMPK/CREB 

HD-16 LX-2 cells Hepatic fibrosis AMPK/SIRT1 
Resveratrol AD model Alzheimer’s disease AMPK/SIRT1 
Pterostilbene LPS-sensitized 16HBE cells Asthma/ AMPK/SIRT1 
Magnolol HepG2 cells; Human 

chondrocytes 
Hyperlipidemia; NAFLD/NASH; Osteoarthritis AMPK/SIRT3; SIRT1/AMPK/PGC-1α; NF-κB; 

MAPK/NF-κB/SREBP-1c 
Honokiol Hep-G2 cells Tumour AMPK/SIRT3; NF-κB 
Dihydromyricetin C2C12 cells Obesity CaMKK/AMPK; NF-κB 
Baicalin MCAO/R model Neurological impairment/cerebral ischemia- 

reperfusion injury; Atherosclerosis 
NLRP3 inflammasome; MAPK/NF-κB 

Urolithin A APP/PS1 mice Memory impairment NF-κB; TXNIP/NLRP3/IL-1β 
Salidroside AGEs-induced HUVECs Lung cancer; Spinal cord injury NF-κB 
Stevioside Lethal shock mouse model Lethal shock NF-κB; IL-6 
Butyric Acid  Obesity HuR 
β-aminoisobutyric 

acid 
differentiated 3 T3-L1 cells Obesity NF-κB; PGC-1a 

Mangiferin NAFLD mice NAFLD/NASH TXNIP 
Curcumin Rat knee OA model Osteoarthritis AMPK/PINK1/Parkin 
Empagliflozin PA-stimulated HepG2 cells  FAS; SREBP-1c; 
Ezetimibe  NAFLD/NASH NLRP3 inflammasome 

*AMPK is not mentioned in the table unless it emphasises the related pathway and factors. 
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Table 2 
Current Clinical Trials of the Compounds listed in the article.  

Compound Conditions Phase Period Interventions NCT 
number 

Melatonin Uveal Melanoma Uveal Melanoma, 
Posterior, Medium/Large Size 
Eye Cancer, Intraocular Melanoma 

3 2022-10-02 to 
2031-01-01 

Drug: Melatonin 05502900 

Melatonin Bioavailability N/A 2023-03-14 to 
2023-06-30 

Dietary Supplement: dietary supplement, one tablet 
containing delayed-release melatonin, zinc and lemon 
balm 

05419466 

Bioavailability N/A 2023-05 to 
2023-07 

Dietary Supplement: Melatonin with phenyl capsaicin 
Dietary Supplement: Melatonin without phenyl 
capsaicin 

05835258 

Metformin Age-Related Macular Degeneration 
Macular Degeneration, Age-Related 
Dry Macular Degeneration 
Geographic Atrophy 

2 2016-04 to 
2024-12 

Drug: Metformin 02684578 

Type 2 Diabetes Mellitus 3 2020-01-14 to 
2021-06-03 

Drug: DBPR108 
Drug: metformin hydrochloride 
Drug: placebo 

04218734 

Empagliflozin End Stage Renal Disease on Dialysis 4 2023-03-01 to 
2024-07-03 

Drug: Empagliflozin 25 mg vs Placebo 
Drug: Empagliflozin 10 MG 

05671991 

Heart Failure 1 2023-03 to 
2024-11 

Drug: Empagliflozin 10 mg 
Drug: Placebo 

05553938 

Non-alcoholic Fatty Liver Disease 4 2021-01-01 to 
2023-05-01 

Drug: Empagliflozin 10 MG 
Drug: Placebo pills 

04642261 

Ezetimibe Acute Myocardial Infarction 
Dyslipidemias 

N/A 2021-03-24 to 
2024-04 

Drug: Ezetimibe 10 mg 04701242 

Luteolin Schizophrenia 
Schizoaffective Disorder 

N/A 2022-06-13 to 
2025-03 

Dietary Supplement: Luteolin 
Dietary Supplement: Placebo 

05204407 

Frontotemporal Dementia N/A 2019-06-01 to 
2022-12-30 

Dietary Supplement: PEA-LUT 
Dietary Supplement: PLACEBO 

04489017 

COVID 2 2020-08-04 to 
2022-12 

Dietary Supplement: Açaí palm berry extract – a natural 
product 
Other: Placebo 

04404218 

Primary Open Angle Glaucoma N/A 2021-02-01 to 
2023-02-28 

Dietary Supplement: GlaucoCetin 
Other: Placebo 

04784234 

Mangiferin Cognitive Change 
Stress 

N/A 2019-11-04 to 
2020-03-17 

Dietary Supplement: Zynamite® 
Other: Placebo 

04299217 

Cognitive Change N/A 2021-05-17 to 
2022-04-14 

Dietary Supplement: Zynamite® 15 % 150 mg 
Dietary Supplement: Zynamite® 15 % 300 mg 
Dietary Supplement: Zynamite® 15 % 600 mg 
Dietary Supplement: Placebo 

05580146 

Attention 
Cognition 
Mood 

N/A 2022-01-04 to 
2022-06-20 

Other: Mango leaf extract capsule 
Other: Placebo capsule 

05182450 

Photoaging N/A 2021-05-30 to 
2023-06-30 

Other: Food 04869852 

Curcumin Palate; Wound N/A 2022-11-01 to 
2024-04-01 

Other: curcumin gel 2 % 05819632 

Acute Lymphoblastic Leukemia, 
Pediatric 

2 2021-08-22 to 
2022-09 

Drug: Curcumin 
Dietary Supplement: Standard of Care 

05045443 

Diabetes Mellitus, Type 2 
Dyslipidemias 
Hypertension 

2 2023-03 to 
2024-01 

Dietary Supplement: Puritans Pride Turmeric 
curcumin® 500 mg 

05753436 

Bioavailability 
Gut Microbiome 
Safety 

1; 2 2023-04-01 to 
2025-03-31 

Drug: Low curcumin group 
Drug: High curcumin group 

05774704 

Dihydromyricetin Alcohol-Related Disorders 1 2022-12-01 to 
2023-12-31 

Drug: Dihydromyricetin 05623501 

Type 2 Diabetes Mellitus 2 2019-10-30 to 
2022-08-30 

Drug: Dihydromyricetin 
Drug: Metformin 

03606694 

Insomnia Due to Anxiety and Fear N/A 2021-07-25 to 
2022-11-03 

Dietary Supplement: DHM 
Dietary Supplement: Placebo 

05280561 

Alcohol Drinking 
Alcohol Intoxication 

N/A 2022-03-30 to 
2023-05-30 

Dietary Supplement: ALCOFILTRUM 05757089 

Resveratrol Diabetes Mellitus, Type 2 
Coronary Artery Disease 

N/A 2018-03-06 to 
2023-12-31 

Dietary Supplement: Trans-resveratrol 
Dietary Supplement: Placebo 

03762096 

Dyslipidemias 3 2021-05-01 to 
2022-09-30 

Drug: Mega Resveratrol® capsules 
Drug: Mega Resveratrol® Placebo capsules 

04886297 

(continued on next page) 
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2. Lactone 

2.1. Melatonin. Melatonin, a hormone consisting of a lactone ring fused with an indole ring, plays a vital role in regulating sleep-wake 
cycles and among the body’s physiological processes (Fig. 1). Melatonin is produced via enzymatic reactions from the amino acid 
tryptophan. The antioxidant protects cells from oxidative injury and has anti-inflammatory and immunomodulatory properties. 

Inflammatory responses in the gut seem to be influenced by disruption of the balance between Th17 cells and Treg cells. The most 
common and fatal gastrointestinal disease affecting premature infants is necrotising enterocolitis (NEC). The imbalance caused by 
decreased Treg cells and increased Th17 cells is key to NEC. Melatonin’s effects on NEC are mainly due to its ability to increase 
antioxidant enzyme activity and reduce oxidative stress. The melatonin treatment significantly reduces NEC incidence in humans and 
rats [30]. 

SIRT1 overexpression in vitro is associated with Th17 reductions and Treg cell differentiation. By studying SIRT1 gene expression in 
melatonin-treated CD4+ T cells, the researchers noticed melatonin increased SIRT1 mRNA, under Treg cell-inducing conditions, 

Table 2 (continued ) 

Compound Conditions Phase Period Interventions NCT 
number 

Coronary Artery Disease 
Menopause 
Endothelial Dysfunction 

N/A 2023-03-06 to 
2026-06-05 

Dietary Supplement: Resveratrol 
Dietary Supplement: Placebo 

05808387 

Knee Osteoarthritis 3 2017-11-09 to 
2022-05-12 

Drug: oral resveratrol 
Drug: oral placebo 

02905799 

Chronic Kidney Diseases 
Endothelial Dysfunction 

N/A 2019-01-01 to 
2023-06-01 

Dietary Supplement: Resveratrol 
Other: Placebo 

03597568 

Pterostilbene Biological Availability N/A 2022-10-20 to 
2022-11-17 

Dietary Supplement: Pterostilbene cocrystal 
Dietary Supplement: Pterostilbene free form 

05561075 

Atypical Endometrial Hyperplasia 
Endometrial Carcinoma 

2 2019-01-21 to 
2023-12-07 

Drug: Megestrol Acetate 
Biological: Pterostilbene 

03671811 

Amyotrophic Lateral Sclerosis N/A 2021-10-07 to 
2023-10-31 

Dietary Supplement: EH301 (Nicotinamide Riboside/ 
Pterostilbene) 

05095571 

Urolithin A Healthy 
Muscle Disuse Atrophy 

N/A 2023-06-01 to 
2024-09-30 

Dietary Supplement: Protein supplement 
Dietary Supplement: Protein supplement with Urolithin 
A 

05814705 

Ageing N/A 2023-01-30 to 
2023-12-31 

Dietary Supplement: Softgel-containing placebo 
Dietary Supplement: Softgel containing 250 mg of 
Urolithin A (Mitopure) 

05735886 

Healthy Aging 
Healthy 
Healthy Diet 

N/A 2021-08-30 to 
2023-07-31 

Dietary Supplement: Mitopure 
Dietary Supplement: Pomegranate Juice 

04985630 

Healthy N/A 2021-04-21 to 
2023-04-30 

Dietary Supplement: Mitopure 
Dietary Supplement: Placebo 

04783207 

Stevioside Healthy 
Human Gut Microflora 

N/A 2022-02-15 to 
2022-04-29 

Other: Sucrose 
Other: Steviol Glycosides 

05264636 

Overweight and Obesity 
Type 2 Diabetes Mellitus 

N/A 2022-04-15 to 
2023-07 

Other: Water 
Other: Glucose 
Other: Steviol Glycosides 
Other: Steviol Glycosides plus glucose 
Other: Rebaudioside A 

05287906 

Non-Alcoholic Fatty Liver Disease N/A 2019-07-26 to 
2023-03-01 

Other: Stevia Intervention 
Other: Water Intervention 

03985020 

The data were collected from https://clinicaltrials.gov/ 

Fig. 1. The structure of Melatonin. Similar structures and scaffolds are highlighted in different colours. The structure highlighted in brown circle is 
N-ethylacetamide. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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considerably greater than in vehicle-treated controls. Moreover, flow cytometry and immunoblotting showed that Ex-527, a SIRT1 
antagonist, reduced the Th17 cell decline and Treg cell growth treated by melatonin. Similar to melatonin-treated neonatal mice, Ex- 
527 boosted STAT3 phosphorylation but decreased STAT5. Ex-527 also reduced transforming growth factor-beta (TGF-β) but increased 
IL-17 and IL-22 compared to melatonin. In experimental NEC, Ex-527 disrupted the Th17/Treg balance, reducing melatonin’s ther
apeutic efficacy. Overall, the cellular inflammatory response that blocked SIRT1 activation reduced melatonin’s therapeutic benefits. 

Immunoblotting showed that NEC pups had lower phosphorylation of AMPK (p-AMPK) and SIRT1 than nursing groups. Melatonin 
increased p-AMPK and SIRT1 in NEC mice. Compound C (CC), an AMPK-specific inhibitor, negates melatonin’s benefits in NEC mice. 
In comparison with pups treated with melatonin, CC decreased the expression of zonula occludens-1, p-AMPK, and SIRT1. CC affected 
intestinal melatonin secretion like Ex-527. CC prevented melatonin-treated animals from maintaining Th17/Treg cell balances, as well 
as melatonin-enhanced Treg and Th17 cell development in vitro. In sum, the findings demonstrate that melatonin activates AMPK, 
which then activates SIRT1, followed by the balance of Th17/Treg. 

Ma et al. found that melatonin controls the balance between Th17 and Treg cells by activating the AMPK/SIRT1 pathway. This may 
be another reason why melatonin improves NEC [30]. 

3. Terpenoids 

3.1. Corosolic acid 

Corosolic acid (CA) is a pentacyclic triterpene, also known as 2α-hydroxyursolic acid, naturally occurring in various medicinal 
plants, including lingonberry, mignonette, loquat and so forth (Fig. 2). The compound is a common ingredient in food supplements 
antidiabetic agents [31]. Through AMPK-dependent autophagy, CA may protect against myocardial hypertrophy [32]. 

Currently, due to various reasons, the number of obese patients is increasing, and obesity further increases the risk of many other 
diseases, making it a health problem that has been widely concerned. Obesity-associated chronic inflammation is believed as a main 
factor of cancers, among other diseases [33]. 

Obesity-associated insulin resistance is caused largely by adipose tissue inflammation [34]. Insulin resistance plays a prominent 
role in the development and occurrence of NAFLD, particularly in patients with type 2 diabetes [34]. The research by Yang et al. 
claimed that modulation of AMPK activity helps suppress inflammation associated with insulin resistance [35]. The presence of hepatic 
steatosis, or excess fat deposits in the liver cells, is defined as NAFLD, among the most common metabolic liver diseases with increasing 
obesity rates. Excessive accumulation of triglycerides without heavy alcohol consumption is a feature of NAFLD, often associated with 
insulin resistance, metabolic syndrome, and prolonged overnutrition [36–38]. As NAFLD progresses, its irreversible form, 
non-alcoholic steatohepatitis (NASH), is involved in developing hepatocellular carcinoma (HCC) and cirrhosis. Inflammation is the 
main pathological component of NAFLD. Fibrosis is an essential determinant of clinical outcomes in NAFLD [39,40]. AMPK is a key 
regulatory enzyme for the energy balance of liver tissue cells, related to glucose and lipid metabolism in liver cells. It is a potential 
target for NAFLD treatment. 

The CA treatment can reduce the inflammatory condition and improve the heightened oxidative stress [41]. Moreover, Yang et al.‘s 
research indicates that CA helps to treat high fat diet (HFD)-induced adipose tissue inflammation and adipokine expression. HFD eating 
causes I kappa B kinase beta (IKKβ) phosphorylation and inflammation-related gene expression in adipose tissue [42]. Oral treatment 
of mice with CA (20 mg/kg) reduced IKKβ phosphorylation and proinflammatory cytokine gene expressions by 76.44, 65.84, and 
85.82 %, respectively, compared to HFD-fed mice. CA elevated M2 macrophage polarisation marker gene Fizz1 expression by more 
than ten times. CA can regulate AMPK, which inhibits inflammation and reduces insulin resistance. CA restored p-AMPK in adipose 

Fig. 2. Structures of CA, IA, Cryptotanshinone and AT III. Both CA and IA are pentacyclic triterpenoids.  
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tissue reduced by HFD eating. Adipocyte basal p-AMPK was also regulated, according to the study. 10 μM of CA elevated LKB-1 and 
AMPK phosphorylation. The findings suggest that CA increases AMPK via LKB1 in adipocytes and tissue. HFD also causes macrophage 
infiltration in adipose tissue, worsening dysfunction and insulin resistance. CA inhibits macrophage invasion, thus preventing 
adipocyte-macrophage crosstalk [42]. 

In conclusion, CA is a potent anti-hyperlipidaemic and anti-hepatic steatosis agent through a mechanism involving lipogenesis and 
cholesterol synthesis as well as inhibition of inflammatory responses through AMPK/SREBPs and NF-κB/MAPK signalling pathways. A 
better understanding of the antidiabetic effects of CA and its underlying mechanisms will facilitate its application in the management 
of insulin resistance and diabetes [42]. 

3.2. Ilexgenin A 

Ilexgenin A (IA) is a natural compound with a pentacyclic triterpene structure [43,44]. It is a component extracted from camellia 
green tea. Camellia green tea itself is used as a Chinese herbal medicine to treat hypertension and hyperlipidaemia. Both CA and IA are 
pentacyclic triterpenoids. Triterpenoids have various therapeutic properties, such as hypoglycaemic activity. 

The endoplasmic reticulum (ER) is the primary signalling organelle that senses cellular stress, among other functions [45]. 
Endothelial dysfunction is the main cause of initial vascular lesions. Endothelial dysfunction is characterised by impairment of 
endothelium-dependent vasodilation. 

In endothelial cells, palmitate stimulation induces ER stress and subsequent activation of the thioredoxin-interacting protein 
(TXNIP)/NLRP3 inflammasome, leading to endothelial dysfunction. The generation of IL-1β, facilitated by TXNIP, is involved in the 
death of β cells caused by ER stress [46]. Inhibiting TXNIP signalling protects against ER stress. The inflammasome is primarily induced 
by NF-κB activation signalling. IA enhances LKB1-dependent AMPK activity and ameliorates ER stress by inhibiting ROS-associated 
TXNIP induction. However, the knockdown of AMPK prevented these effects, indicating that AMPK is essential for its effect on sup
pressing ER stress. In the meantime, IA inhibits the activation of the NLRP3 inflammasome by downregulating NLRP3 and cleaving the 
induction of caspase-1, thereby decreasing IL-1β secretion. In addition, it inhibits inflammation and apoptosis following palmitate 
injury. 

IA decreased ER stress and restored the loss of endothelial nitric oxide synthase (endothelial NOS or eNOS) activity in the vascular 
endothelium, enhancing endothelium-dependent vasodilation in rat aortas, consistent with these findings in endothelial cells. Further 
analysis in mice fed a high-fat diet demonstrated that oral administration of IA inhibited ER stress/NLRP3 activation decreased ROS 
production, and increased NO production in vascular endothelium, validating the positive effect of IA on endothelial homeostasis in 
vivo. These findings suggest that ER stress-associated activation of the TXNIP/NLRP3 inflammasome contributes to endothelial 
dysfunction and that IA ameliorates endothelial dysfunction by inhibiting ER stress and TXNIP/NLRP3 inflammasome activation and 
modulating AMPK endothelial dysfunction [47]. 

3.3. Cryptotanshinone 

Cryptotanshinone (CT) is a quinone diterpene isolated from Salvia miltiorrhiza with a tetracyclic scaffold. It has been reported that 
CT has a vast number of biological functions, including anti-inflammation [48,49]. 

Activation of AMPK reduces lipogenesis and enhances fatty acid oxidation. Activation of the AMPK/SIRT1 pathway is a promising 
therapeutic target in alcoholic liver disease (ALD) [50,51]. AMPK activation inhibits the activation of acetyl-CoA carboxylase (ACC), 
which is involved in hepatic lipid synthesis and inflammation. Nagappan et al. showed that CT attenuated ethanol-induced liver injury 
by inhibiting lipogenesis-related genes, oxidative stress, and inflammation [52]. CT treatment has seen considerably increased 
phosphorylations of AMPK and ACC, reduced expression of SREBP-1c, as well as the proteins expressed in a time-dependent manner in 
SIRT1-HepG2 cells. An essential transcription factor, sterol regulatory element-binding protein 1c (SREBP-1c) modulates the pro
duction of triglycerides and fatty acids [53]. Peroxisome proliferation-activated receptor gamma (PPARγ) of the PPAR family, plays a 
crucial role in energy metabolism, adipogenesis, fatty acid oxidation, regulating mitochondrial function, etc [54,55]. The major 
downstream signalling molecules of AMPK involved in lipid synthesis include SREBP-1 and PPARγ. 

AMPK and SIRT1 can regulate transcription factors such as nuclear factor erythroid 2-related factor 2 (Nrf2) and NF-κB, which are 
involved in regulating antioxidant genes against oxidative damage and suppressing pro-inflammatory cytokines, respectively [18,56, 
57]. Nrf2 is an important regulator of the adaptive antioxidant response to oxidative stress in cells [58,59]. Nrf2 binds to specific DNA 
sequence antioxidant response elements (AREs) and stimulates the transcription of downstream target, antioxidant genes. The 
experimental results of Nagappan et al. found that Nrf2 may play a role in CT-mediated antioxidant activity. Importantly, inhibition of 
AMPK using CC prevented CT-induced increases in Nrf2 protein, suggesting that AMPK activation is involved in CT-induced Nrf2. In a 
nutshell, these results underline that AMPK/SIRT1 and Nrf2 signalling may also be involved in the protective effect of CT against 
ethanol-mediated oxidative stress. 

Increased expression of hepatic cytokines mediated the progression of alcoholic hepatic steatosis in an ethanol-fed mouse model 
[60]. Previous studies have shown that cytokines, like TNF-α and IL-6, play crucial roles in both acute and chronic inflammation. The 
key transcription factor NF-κB stimulates inflammatory genes such as TNF-α, IL-6 and monocyte chemoattractant protein-1 (MCP-1). 
CT reversed the ethanol-induced increase in NF-κB p65 protein levels and restored IκB levels. Consistent with the above results, CT 
significantly suppressed ethanol-induced inflammatory genes such as TNF-α, IL-6, and MCP-1 at the mRNA level. The compound 
exhibits anti-inflammatory properties by inhibiting the expression of NO, inducible nitric oxide synthase (iNOS) and cyclooxygenase-2 
(COX-2) in RAW 264.7 cells. These results suggest that CT has anti-inflammatory properties, which may help prevent the progression 
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of alcoholic hepatic steatosis. Moreover, AMPK/SIRT activation is known to inhibit NF-κB-mediated inflammatory pathways, thereby 
inhibiting the expression of inflammatory cytokine genes [61]. The results demonstrated that CT significantly blocked the 
ethanol-induced increase in NF-κB p65 level by inducing IκB phosphorylation and suppressed the expression of inflammatory cytokine 
genes, including TNF-α, IL-6, and MCP-1, suggesting that the AMPK/SIRT1 pathway might also be involved in the protective effect of 
CT against ethanol-mediated inflammation. 

Nagappan et al. for the first time, reported that CT attenuates ethanol-induced hepatic steatosis by inhibiting lipogenic genes, 

Fig. 3. Structures of Quercetin, Isovitexin, Nobiletin, Luteolin, Curcumin, DHM, Hesperetin, HD-16 Mangiferin and Baicalin. The reoccuring 
structure highlighted in red is 5,7-dihydroxy-2-(4-hydroxyphenyl)-4H-chromen-4-one. The structures highlighted in blue circle are (2R,3S,4R,5S)-2- 
methyltetrahydro-2H-pyran-3,4,5-triol or similar structures. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 
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oxidative stress, and inflammation in chronic ethanol-fed mice and HepG2 cells [52]. The enzyme cytochrome P4502E1 (CYP2E1) is 
involved in the metabolism of endogenous compounds such as fatty acids and in ethanol metabolism [62,63]. Activation of 
AMPK/SIRT1 and Nrf2 and inhibition of CYP2E1 may be involved in the protective effect of CT against ALD. The results of this study 
suggest that CT may be an effective therapeutic agent for the treatment of alcohol-induced liver injury [52]. 

In addition, He et al. obtained seven metabolites through the biotransformation of CT by the fungus Mucor AS 3.3447, two of which 
had lower cytotoxic activity than their parent and had excellent anti-influenza A virus activity [64]. 

4. Sesquiterpene lactones 

Sesquiterpene lactones are a series of sesquiterpenoids with a lactone ring. Studies by McKinnon et al. revealed the importance of 
the C-4-C-5 and C-2-C-3 double bonds and the C-9 acetyl group for anti-inflammatory activity, suggesting that this class of compounds 
has great anti-inflammatory potential [65]. 

4.1. Atractylenolide III 

Atractylenolide III (AT III), one of the main bioactive compounds of Atractylodes macrocephala Koidz root extract, is a sesquiterpene 
compound with anti-inflammatory, neuroprotective and anticancer activities. Previous studies have shown that AT III inhibits the 
production of various pro-inflammatory factors. 

Ulcerative colitis (UC) is a chronic relapsing inflammatory bowel disease (IBD). Major features of UC are epithelial damage, 
neutrophil infiltration, microbial translocation, and inflammatory condition [66]. Dextran sodium sulfate (DSS)-induced mice serve as 
an ideal mouse model for UC because of its similarity to human UC [67]. Mitochondrial dysfunction causes inflammation, oxidative 
stress, and barrier breakdown. Han et al. found that AT III treatment increased UC mice’s colon mtDNA copy number and complex I 
and IV activity. AT III also boosts Tom20, the mitochondrial outer membrane protein [68]. 

AT III also restored colonic mitochondria-associated protein expression in UC animals, including PGC-1α, NRF-1, NRF-2, and 
mitochondrial transcription factor A (TFAM). Peroxisome proliferator-activated receptor γ co-activator 1α (PGC-1α) is an upstream 
factor of the 3-phosphoinositide-dependent protein kinase-1 (PDK1). PGC-1α, the key regulator, interacts with nuclear respiratory 
factors (NRF-1 and NRF-2) to activate TFAM in mitochondrial DNA replication/transcription. PGC-1α is activated by AMPK and SIRT1 
and deacetylated by SIRT1 in an NAD+-dependent manner [69]. AT III restored colon p-AMPK and SIRT1 levels in DSS-treated animals 
[70]. 

Han et al. found that AT III prevents UC by stimulating the AMPK/SIRT1 signalling pathway to deacetylate PGC-1α and prevent 
mitochondrial dysfunction. In addition, early evidence indicated that the AMPK/SIRT1/PGC1α pathway is critical for mitochondrial 
biogenesis and glucose metabolism in skeletal muscle [68,71]. 

5. Polyphenols and their derivatives 

Important natural compounds with a polyphenolic structure, flavonoids, as a whole, are a well-studied group of substances. The in 
vitro investigations found that flavonoids reduce the production and action of many inflammatory mediators in all cell types—almost 
always [72]. Flavonoids can be split into a series of subgroups, including flavonols. The work of Wang et al., in 2006 pointed out that 
some flavonols (kaempferol, quercetin and fisetin, etc.) play a role in inhibiting inflammation and oxidant, at least in part by inhibiting 
NF-κB. It was also found that despite the structural similarity among various flavonols, there may be significant differences in their 
anti-inflammatory effects [73]. 

5.1. Quercetin 

Quercetin, a member of the flavonoid family found in a variety of plants and a well-known one, has many beneficial properties, 
including anticancer and anti-inflammatory properties in various degenerative diseases (Fig. 3) [74,75]. 

OA is a common chronic joint degenerative disease in the elderly for which there is currently no cure [76]. Inflammatory stress is 
regarded as one of the major factors in the pathogenesis OA. According to Zhao et al.‘s work, a vital role is played by AMPK in the 
regulation of chondrocyte expression of PGC-1α and the FoxO family transcription factor, FoxO3A, and both inhibit NF-κВ [77]. From 
Qiu et al.’s western blotting (WB), the OA rats saw an increased expression of p-AMPK, SIRT1, PGC-1α, NRF-1, NRF-2 and TFAM in 
their knee chondrocyte lysates. Qiu et al. have shown that quercetin significantly upregulates AMPK/SIRT1 signalling pathway genes 
in OA chondrocytes [78]. 

Despite its therapeutic features, quercetin’s oral bioavailability and solubility in water are not promising. And it also has some toxic 
side effects [79]. Thus, it would be beneficial to conduct more research on drug design around this compound. 

5.2. Isovitexin 

Apigenin-6-C-β-D-glucopyranoside, also known as isovitexin, is a flavone compound found in various plant sources that displays 
anti-inflammatory, antioxidant, memory-enhancing, and other beneficial therapeutic effects [80–85]. The compound is also capable of 
crossing the blood-brain barrier and remaining for a considerable period [86]. 

Known as clinical depression, or depression, major depressive disorder (MDD) is characterised by persistent depressive mood and 
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loss of interest for the majority of the day. Depression is strongly linked to neuroinflammation and autophagy. Microglia are a type of 
macrophage that resides within the brain, protecting neurons from damage caused by neurotoxic mediators that are secreted [87]. 
There are two phenotypic categories: pro-inflammatory M1 microglia and anti-inflammatory M2 microglia. The latter enhances the 
expression of anti-inflammatory cytokines, say that may reduce neuroinflammation and neuronal damage, for example, IL-10 [88]. 
PPARγ coactivator-1α (PGC-1α) functions as a transcriptional coactivator through its interaction with numerous transcription factors 
like PPARγ. Isovitexin, by activating CaMKKβ/AMPK/PGC-1α pathway, suppresses pro-inflammatory M1 microglia and enhances 
anti-inflammatory M2 microglia, according to the researchers. The compound regulates the PGC-1α expression in BV2 cells via AMPK 
activation, and therefore, isovitexin improves LPS-induced behaviour by activating CaMKKβ and PGC-1α [89]. 

Consequently, isovitexin provided an effective strategy for treating inflammation-associated depressive disorders [89,90]. 

5.3. Nobiletin 

Nobiletin is a flavonoid compound derived from citrus peel. Thanks to extensive research, it is known to boast many different 
effects, like anti-tumour, and anti-inflammatory effects and also preventing diseases like Parkinson’s disease and Alzheimer’s disease 
(AD) [85,91]. Autophagy negatively regulates NLRP3 inflammasome activity. AMPK plays a vital role in the regulation of autophagy. 
The antidepressant and anti-inflammatory effects of nobiletin were observed in a rat model of depression induced by LPS. A finding 
that is possibly connected to this is, both in vivo and in vitro, the compound upregulated autophagy and inhibited NLRP3 inflammasome 
activation. The activation of the AMPK pathway may also be a key component in nobiletin’s neuroprotective activity. Overall, 
nobiletin could potentially be used as a natural supplement to enhance cognitive performance and improve overall mental well-being 
[92]. 

5.4. Luteolin 

Luteolin is an important flavonoid found in an array of plants, to name a few, broccoli, carrots, pepper, and spinach [93,94]. It has a 
range of therapeutic effects, say, anti-inflammatory, antioxidant and anti-tumour effects [95]. Bronchial asthma, often referred to as 
asthma, a is chronic allergic airway-inflammatory disorder. Acute asthma can be alleviated by luteolin because it activates the 
PI3K/Akt/mTOR signalling [96]. And it also protects the human umbilical vein endothelial cells from oxidative damage via the AMPK 
pathway [93]. 

H2O2-induced decreases in cell viability, mitochondrial depolarisation and cell death remained unaffected in sh-AMPKα1 and ko- 
AMPKα1 primary murine chondrocytes. AMPK activation improves inflammation and redox imbalance by mediating Nrf2 signalling. 
Luteolin’s ability to activate Nrf2 is wholly abolished when AMPK is silenced or depleted with the genetic methods. Thus, AMPK 
activation is required for Nrf2 activation to exert its neuroprotective effects. Notably, luteolin-induced activation of AMPK, with 
increased phosphorylation of AMPKα, was not affected by Nrf2 silencing or depletion [97]. These results suggest that luteolin exhibits 
the potential to protect chondrocytes from H2O2-induced oxidative damage by activating the AMPK pathway, which subsequently 
leads to an increase in the downstream Nrf2 cascade [98]. Comparing luteolin-treated mice to DMM mice revealed decreased cartilage 
degradation, chondrocyte loss, and OARSI score, indicating that luteolin inhibits the progression of OA. In a mouse OA model produced 
by DMM, oral treatment of luteolin inhibited OA progression [98]. Zhou et al. showed that luteolin activates the AMPK/Nrf2 pathway, 
and AMPK is a positive upstream regulator of Nrf2. Luteolin may provide us with a novel and effective idea and research direction for 
the treatment of OA. More of its clinical research and application is expected. 

The study still has certain drawbacks, however. Its effects on mouse kidneys and livers were not studied. Furthermore, future 
studies on ideal dosage, timing, duration of administration, and long-term impact will provide a better understanding of its therapeutic 
value [98]. 

5.5. Dihydromyricetin 

Dihydromyricetin (DHM), the main bioactive polyphenol in vine tea, has a long history of anti-inflammatory and anti-tumour 
properties. DHM exerts anti-inflammatory effects in rats by inhibiting NF-κB signalling in macrophages. Some DHM-related studies 
have reported that DHM function depends on its activation of AMPK but without direct targeting. Hou et al. used an HFD-induced 
obese mouse model to study inflammation-induced skeletal muscle atrophy in vivo. The results indicated that DHM counteracts 
inflammation-induced muscle atrophy in C2C12 cells through AMPK. Blocking AMPK upstream factors CaMKK and LKB1, respectively, 
further revealed that DHM resists inflammation-induced muscle atrophy in C2C12 cells through the CaMKK/AMPK pathway. The 
experimental results of Hou et al. showed that the effect of DHM is through CaMKK/AMPK, not LKB1. But for now, how DHM activates 
CaMKK is still unknown, and further research results are expected [99]. 

In addition, the team used DARTS to identify potential binding targets for DHM. This technique, a method for identifying potential 
target proteins of small molecules, allows the use of small natural molecules without any immobilisation or modification [99]. 

5.6. Baicalin 

Baicalin is a flavonoid phytochemical extracted from the natural medicinal herb Scutellaria baicalensis, which has antioxidant and 
anti-inflammatory properties. It has therapeutic effects against various diseases such as tumours, pneumonia, and cardiovascular 
diseases. 
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Ras protein is involved in inflammation processes by modulating downstream pathways, for example, Raf/MEK/ERK/MAPK, 
followed by NF-κB activation. Mitofusin 2 (Mfn-2) may act as an inhibitor of Ras [100]. Zhang et al. demonstrated that the 
anti-inflammatory effect of baicalin is related to the activation of the AMPK/Mfn-2 axis for the first time [101]. Baicalin has 
dose-dependent effects on IL-6 and TNF-α production in RAW264.7 macrophages with Angiotensin II/oxidised LDL (Ang II/ox-LDL) 
treatment. AMPK/Mfn-2 may be activated by baicalin, which inhibits downstream MAPK/NF-κB signalling. Baicalin may be an 
effective medicine for treating atherosclerosis [101]. 

Ischemic stroke is among the primary causes of disability and death today [102]. In acute cerebral ischemia, a cascade of ischemic 
responses is almost instantly triggered, including excitotoxicity, inflammation and so forth [103]. WB and ELISA experiments showed 
that the Middle Cerebral Artery Occlusion Rat model (MCAO/R model) enhanced cortical neuron NLRP3, ASC, IL-1β, cleaved 
caspase-1 and IL-18 expression in comparison with the sham group. Baicalin dose-dependently lowered the factors. Immunofluo
rescence and confocal laser scanning microscopy evaluated the NLRP3 inflammasome upstream factor. Baicalin treatment significantly 
reduced the amount of NLRP3 fluorescence expression in the cytoplasm of damaged nerve cells in the MCAO/R group. The results 
suggest that baicalin acts by regulating NLRP3 inflammasomes to prevent cerebral ischemia-reperfusion injury. Additionally, subse
quent studies indicated that baicalin also improved hypoxic-ischemic cortical cell survival, cerebral nerve function, and cerebral 
infarction volume in cerebral ischemia-reperfusion rats. When CC inhibited the AMPK pathway, cortical neuron damage worsened, 
and the expression of NLRP3 inflammasome-related factors was further upregulated [104]. 

All in all, baicalin can inhibit the NLRP3 inflammasome-dependent pyroptotic response through the AMPK signalling pathway, 
thereby alleviating the neurological damage caused by cerebral ischemia-reperfusion. These findings provide avenues for future 
clinical drug initiation and research. 

5.7. Mangiferin 

Mangiferin is a xanthonoid, particularly abundant in mango leaves [105–108]. 
Endothelial dysfunction is closely related to cardiovascular complications in diabetic patients, and high glucose-induced endo

thelial dysfunction is the leading cause of initial vascular lesions [109,110]. In the study by Song et al. mangiferin effectively inhibited 
ER stress-related oxidative stress by attenuating IRE1α phosphorylation and reducing ROS production. In response to ER stress, TXNIP 
expression increases, followed by NLRP3 inflammasome activation and IL-1β secretion. Mangiferin treatment attenuated the 
expression of TXNIP and NLRP3 and reduced the production of IL-1β and IL-6. NLRP3 inflammasome activation is responsible for 
mitochondrial cell death. Elevated glucose levels result in a rise in the secretion of endothelin-1, while simultaneously causing a 
decrease in the generation of NO. Mangiferin restores the loss of mitochondrial membrane potential (Δψm) and inhibits caspase-3 
activity, thereby protecting cells from high glucose-induced apoptosis. Furthermore, mangiferin inhibited endothelin-1 secretion 
and restored the loss of NO production when cells were exposed to high glucose. Mangiferin enhances AMPK phosphorylation. The 
AMPK inhibitor CC reduced its beneficial effects, suggesting a potential role for AMPK in its action. The findings show how mangiferin 
enhances endothelium homeostasis by reducing ER stress-associated TXNIP/NLRP3 inflammasome activation in endothelial cells. It 
suggests that mangiferin regulates endothelium homeostasis and may help treat diabetes-related cardiovascular problems [107]. 

Many pieces of evidence have shown that mangiferin can also serve as a potential therapeutic drug for NAFLD. A study showed that 
gasdermin D (GSDMD) promotes inflammation and pyroptosis in hepatocytes, accelerating the development of NAFLD. RNA-seq 
analysis demonstrated that mangiferin treatment upregulated genes related to energy metabolism and increased AMPK activation 
in mouse hepatocytes. AMPK activity was inhibited in NAFLD mice, but p-AMPKα levels saw an increase, thanks to mangiferin 
treatment. It also reduced markers of liver inflammation and pyroptosis, such as NLRP3, caspase-1, and IL-1β, suggesting that man
giferin suppresses NLRP3 inflammasome activation, thereby producing anti-inflammatory effects. Mangiferin treatment significantly 
reduced serum IL-1β levels and downregulated the transcript levels of relevant genes. Immunofluorescence assays showed that 
mangiferin decreased the positive staining levels of NLRP3, caspase-1, GSDMD’s N-terminal domain, and IL-1β in the liver tissues of 
NAFLD mice, indicating the downregulation of these proteins [106]. 

Mangiferin, through AMPK activation and NLRP3 inflammasome inhibition, protects against NAFLD, both in vivo and in vitro. Its 
treatment attenuates a list of conditions, inclusive of serum glucolipid metabolism, and insulin resistance [106]. Furthermore, 
mangiferin was found to help with insulin resistance in HFD-induced NAFLD mice [106]. 

5.8. Curcumin 

Turmeric is a common flavouring and colouring agent. A bisphenol compound, curcumin, also known as diferuloylmethane, is the 
main natural active ingredient in turmeric, one that has excellent anti-inflammatory and antibacterial abilities [111]. Yin et al.‘s work 
reveals the mechanism by which curcumin inhibits inflammation and suggest the potential clinical application in NLRP3-driven 
diseases [112]. 

There are several studies on attenuating OA with curcumin [113,114]. Jin et al. went further on this route. The researchers 
established two models: one is rat knee OA model induced by sodium monoiodoacetate and the other one OA chondrocyte model using 
IL-1β. GO and KEGG analyses screened 7 metabolic and AMPK signalling hub genes. A significant reduction in OA features was 
observed after curcumin treatment, according to the Osteoarthritis Research Society International (OARSI) and Mankin scores in 
animals with OA [115]. 

Knees of rats were stained with immunohistochemistry (IHC) to ascertain the index expressions of OA pathology and mitophagy 
(PINK1, Parkin, Beclin1, P62, and LC3B. OA pathology: Collagen II and MMP13.). The results of WB and qPCR showed that IL-1β and 
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MMP 13, inflammatory markers of OA, were the only two seen to decrease by curcumin; the others all greatly increased. Curcumin 
activates AMPK phosphorylation in OA chondrocytes. As a result of the inhibition of AMPK, however, the vital protein involved in 
mitophagy was reduced remarkably. Jin et al. demonstrated the mechanism of curcumin in OA through a combination of validation 
experiments and network pharmacology. The chondroprotective effect of curcumin on OA is by initiating mitophagy through the 
AMPK/PINK1/Parkin pathway [115]. The anti-OA property of curcumin was also demonstrated through the enhancement of collagen 
anabolism and the reduction of inflammatory catabolism in cartilage. 

In sum, it seems like it has potential against OA and inflammation in general. There is an obstacle that has to be addressed though: 
its low oral bioavailability made it made it yet to be promising. There are researchers trying to tackle this issue, thankfully [116,117]. 

5.9. Hesperetin; Hesperetin derivative-16 

Hesperetin is a flavanone glycoside component of traditional Chinese medicine whose effects on liver illnesses have been exten
sively studied. It is an enriched form of flavanone found in citrus peels, boasting various pharmacological effects. According to Wang 
et al. the AMPK/SIRT1 pathway plays a crucial role in the therapeutic effects of Hesperetin. Also, they mentioned that SIRT1 is a 

Fig. 4. Structures of resveratrol, pterostilbene, magnolol, Honokiol, Urolithin A, salidroside and stevioside.  
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necessary component in NF-κB inhibition. It is interesting that the compound reinforced SIRT1 expression through the AMPK/CREB 
pathway, in Wang’s results [118]. Yet due to its low water solubility and bioavailability, its clinical applicability is restricted. 

Liver fibrosis is characterised by abnormal hepatic architecture and significant deposition of extracellular matrix (ECM) proteins, 
such as type I and type III collagens. Without proper intervention, liver fibrosis rapidly progresses to permanent cirrhosis and cancer of 
the liver. 

Hesperetin derivative 16 (HD-16), a hesperitin-derived monomer synthesised by Huang et al. possesses anti-inflammatory and 
antitumorigenic properties [119]. It is noteworthy that HD-16 showed better water-solubility, bioavailability, and potent 
anti-inflammatory properties in CCl4-induced acute liver injury. It has been demonstrated that HD-16 is an efficient activator of the 
AMPK/SIRT3 signalling pathway. SIRT3 or AMPK depletion diminished the antifibrotic action of HD-16 [120]. 

In hepatic fibrosis, HD-16 dramatically increased phosphorylated-AMPK expression. AMPK phosphorylation was enhanced in LX-2 
cells treated with HD-16 and challenged with TGF-1. SIRT3 is a downstream target of AMPK since AMPK1 siRNA or CC may suc
cessfully suppress AMPK expression and subsequently inhibit the expression of Sirt3. Activation of the AMPK/SIRT3 signalling 
pathway may contribute to HD-16’s antifibrotic action [120]. To conclude, HD-16 has an antifibrotic effect on liver fibrosis by 
activating the AMPK/SIRT3 pathway [119,120]. 

5.10. Resveratrol 

A plant-derived phytoestrogen, resveratrol, can be extracted from various dark-coloured fruits (Fig. 4) [121–123]. The monomeric 
stilbene has multiple effects, such as anti-inflammatory response, anti-oxidation, inhibition of platelet aggregation, and anti-tumour 
[122–129]. 

Among the features of AD are the increase in neuronal amyloid-β (Aβ) plaque formation, neuronal loss and neuroinflammation. Pro- 
inflammatory factors can be produced by activated microglia and astrocytes. These factors, in turn, increase amyloid precursor protein 
(APP) expression and Aβ deposition in AD models. Anti-inflammatory therapy has been suggested as a potential therapeutic strategy 
for AD. Resveratrol, by increasing cytosolic calcium levels and promoting CaMKKβ-dependent phosphorylation, activates AMPK. Oral 
resveratrol treatment crosses the blood-brain barrier and activates AMPK in the brain, followed by reducing Aβ accumulation. 
Vingtdeux’s work laid the groundwork for further research [130]. 

As an inhibitor of adipogenesis and lipid accumulation, p-AMPK downregulates SREBP-1, fatty acid synthase (FAS) and PPARγ in 
3T3-L1 cells, HepG2 cells and animal models expression. AMPK and SIRT1 inhibit the acetylation and translocation of NF-kB p65, 
which is associated with an amelioration of the inflammatory response. Furthermore, the activated AMPK signalling pathway is 
involved in the treatment of acne vulgaris because of its sebum-suppressive effect through the regulation of SREBP-1 [131]. 

Wei et al. studied the effect of resveratrol on lipogenesis, inflammation and AMPK signalling pathway in SZ95 sebocytes in vitro to 
study the possible mechanism of resveratrol exerting sebum suppression and anti-inflammatory effects. Resveratrol activates fibro
blasts, osteoblasts SIRT1 signalling in cells and HaCaT keratinocytes to inhibit the formation of pro-inflammatory molecules, reduce 
p65 acetylation, and prevent oxidative stress-induced cytotoxicity [131]. 

The AMPK-SIRT1/p300 pathway mediates the anti-inflammatory effects of PPARγ agonists by reducing p65 acetylation. Further 
studies showed that resveratrol significantly suppressed peptidoglycan (PGN)-induced IL-1β and IL-6 expression at mRNA and protein 
levels, while CC pretreatment reversed its suppression of inflammatory cytokines. Consistent with these results, Resveratrol inhibited 
PGN-induced expression of acetyl-p65. However, pretreatment with the inhibitor CC increased the level of acetylated p65 compared 
with the combination treatment group of PGN and resveratrol. Furthermore, CC increased the level of acetyl-p65 and the release of 
inflammatory cytokines in SZ95 sebocytes while inhibiting the activation of SIRT1 promoted by resveratrol. CC exposure suppressed 
resveratrol-induced p-AMPK and SIRT1 protein expression, consistent with previous studies. AMPK may act upstream of SIRT1 in 
resveratrol-induced activation of AMPK and SIRT1 [131]. 

Taken together, the results show that resveratrol suppresses lipid synthesis and inflammatory responses in human SZ95 sebocytes in 
vitro, mainly mediated by activation of the AMPK signalling pathway, which may suggest that resveratrol is a potential drug candidate 
in acne treatment [131]. 

5.11. Pterostilbene 

Oxidative stress cannot not be overlooked in bronchial asthma [132]. Th2 cell hyperactivation causes IgE synthesis and allergic 
airway inflammation in asthma [133]. Asthma severity increases with airway hyperresponsiveness, among other hallmarks of the 
disease. 

Pterostilbene is a derivative of resveratrol and a monomeric stilbene, one that can be found in a variety of berries. Pterostilbene has 
improved membrane permeability and metabolic stability over resveratrol, thanks to the two methoxyl groups. This increases 
bioavailability and improves oral absorption and bioavailability [134]. 

In the study by Xu et al. pterostilbene significantly reduced goblet cell proliferation and inflammatory cell infiltration in asthmatic 
mice. Asthma model mice were significantly less likely to proliferate goblet cells and infiltrate inflammatory cells when treated with 
pterostilbene, according to the study by Xu et al. Notably, pterostilbene blocked eosinophils, lymphocytes and neutrophils. Pter
ostilbene boosted IFN- and decreased BALF IL-5, IL-4, and IL-13. Pterostilbene dose-dependently decreased the levels of both total IgE 
and IgE specifically targeting ovalbumin. Thus, pterostilbene may reduce asthmatic airway inflammation by balancing Th1/Th2 
immunological responses [135]. 

Most importantly, pterostilbene can activate AMPK/SIRT1 and Nrf2/(heme-oxygenase-1) HO-1 signalling pathways in LPS- 
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sensitized 16HBE cells. In a nutshell, pterostilbene alleviates oxidative stress and allergic inflammation by regulating AMPK/SIRT1 and 
Nrf2/HO-1 signalling pathways [136]. The study by Hseu et al. also deduced that after pterostilbene treatment, the ROS pathway was 
first activated, followed by the ERK and AMPK pathways in the nuclear Nrf2 activation of HaCaT cells [136]. Addedly, among the 
properties of pterostilbene are that it is a potent anti-melanogenic agent and that it may be used as a depigmenting agent in the 
preparation of topical skin-whitening products [136,137]. 

5.12. Magnolol; Honokiol 

Magnolol is a lignin obtained from Magnolia officinalis, one of the phenolic polymers. Magnolol has strong anti-inflammatory, anti- 
oxidative and anti-cancer effects [138,139]. Its anti-inflammatory effects may occur through the phosphorylation of MAPK and NF-κB, 
whereas activation may be achieved through ACC, AKT, and AMPK activation. PPARα overexpression and SREBP-1c inhibition are 
highly related to these effects [140]. In conclusion, the findings of Tian et al. imply that magnolol might be a favourable candidate for 
the treatment of patients with NAFLD and NASH. It is noteworthy that magnolol’s processes of inhibiting MAPK/NF-κB/SREBP-1c and 
activating AKT/AMPK/PPARα are still to be unveiled, and the discoveries could lead to novel future treatments that enhance patient 
outcomes [140]. 

Moreover, Liu et al. found that via the SIRT1/AMPK/PGC-1α pathway, magnolol can attenuate both IL-1β-induced oxidative stress 
and inflammation, possibly implying its non-specific protective effect, which Liu stated that it is fairly “common”. Further studies on 
the mechanism of the pathways related to the two are needed in the future [141]. 

Cytokines like IL-10 and TGF-β1 inhibit the further secretion of pro-inflammatory cytokines and reduce inflammation. Like the 
previous one, honokiol, which can be extracted from magnolia, is a bisphenol lignan, which is a natural product composed of a p- 
allylphenol and an o-allylphenol. Ether derivatives and 3,3′-diallyl derivatives also have strong growth inhibitory action on Hep-G2 
cells (human hepatocellular carcinoma), suggesting that the 3′-allyl group of honokiol is implicated in tumour development. Hono
kiol can act as an activator of SIRT3 to enhance the activity and expression of SIRT3 [142]. Oxidative and inflammatory stress activates 
a good amount of NF-κB-downstream proteins associated with inflammation. Honokiol strongly inhibits NF-κB activation and 
pro-inflammatory cytokine release in mice exposed to LPS, suggesting that the NF-κB pathway may be implicated in its anti-septic 
acute lung damage effects. Honokiol reduces oxidative/nitrosative stress and inhibits cytokines (TNF-α and HMGB1), 
iNOS-mediated NO generation and NF-κB activation, and, further, acute lung injury and mortality. The IL-10 rise, however, remains 
unaffected. All in all, honokiol may be the candidate that treats septic shock disorders [143,144]. 

5.13. Urolithin A 

Urolithins are generated by ellagitannins and ellagic acid (EA) from the microbiome of the human gut [145]. These metabolites are 
more quickly absorbed into the bloodstream than their precursors and contribute to the beneficial effects of ellagitannins and EA in 
foods and certain Chinese herbal remedies, like pomegranate and emblica [145]. 

A metabolite of ellagic acid produced by gut bacteria, urolithin A, has been shown to reduce neuroinflammation. Urolithin A is a 
possible anti-inflammatory candidate of the pancreas that activates AMPK and autophagy to suppress the TXNIP/NLRP3/IL-1β sig
nalling pathway connected to endoplasmic reticulum stress. Using the Morris water maze to test the effect of UA on APP/PS1 mice, it 
turned out that UA improved the spatial memory [146]. 

Neuroinflammation and neuronal apoptosis may be inhibited by UA-mediated mechanisms. Gong et al. showed that UA protected 
cognitive function by protecting neurons from death and triggering neurogenesis through anti-inflammatory signalling in APP/PS1 
mice, indicating that UA may be a therapeutic candidate for treating AD [146]. Vingtdeux’s results, previously mentioned in 
Resveratrol section, may still be true in this case, but with UA instead. It is worth mentioning that Boakye, Xu and Gong’s studies on UA 
all observed decreases in NF-κB levels [146–148]. 

The research showed that UA inhibits glycolipid toxicity and endoplasmic stress-related TXNIP/NLRP3/IL-1β signalling pathway 
through the activation of AMPK and autophagy. In addition, UA is reportedly safer than verapamil, a calcium channel blocker [149]. 
By preserving pancreatic beta cells, UA or the ingestion of ellagic acid-rich foods or herbs may enhance the well-being of diabetic 
individuals. 

5.14. Salidroside 

The main phenylpropanoid glycoside extract in Rhodiola rosea, a famous Chinese medicine, salidroside, is a glucoside formed from 
tyrosol and glucose, which has various bioactive properties [150]. Salidroside exerts anti-inflammatory effects in the airway, adipose 
and cardiac tissue. Salidroside has a protective effect on endothelial function [151]. 

Endothelial dysfunction is among the most vital risk factors for vascular disease [152]. During the inflammatory cascade, TNF-α 
induces cytotoxicity in endothelial cells (ECs), which leads to damage through the formation of reactive free radicals and proin
flammatory molecules [153]. A significant indicator of endothelial dysfunction and inflammatory response, IL-6 also increases 
endothelial permeability. The cytokine IL-1β is regarded as a significant mediator of vascular inflammation. Studies by Hu et al. 
showed that inflammatory processes and oxidative stress in endothelial cells are inhibited by salidroside by stimulating AMPK 
phosphorylation and inhibiting NF-ĸB p65 and NLRP3 inflammasome activation [151]. 

Neuroinflammation is a major pathogenesis of secondary injury in spinal cord injury (SCI) and is considered a therapeutic target for 
SCI. Salidroside can improve AGEs-induced endothelial inflammation and oxidative stress in part through the AMPK/NF-κB/NLRP3 
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signalling pathway. The study by Wang et al. demonstrated the effect of salidroside attenuating neuroinflammation [154]. 

6. Others 

6.1. Stevioside 

Stevioside is a natural diterpene glycoside and also a food sweetener [155]. But what matters more is it can act as hypoglycaemic, 
antihypertensive, antifibrotic and anti-inflammatory [156]. 

In addition to the well-studied NF-κB, interferon regulatory factor 5(IRF5), a specific marker of inflammatory macrophages, is also 
responsible for regulating the secretion of pro-inflammatory cytokines [157]. IRF5 is an important pro-inflammatory transcription 
factor. IRF5 can be activated by LPS, followed by regulating the activation of target genes [158]. And the NF-κB pathway prolongs the 
crosstalk with IRF [159]. 

The study by Wei et al. showed stevioside enhanced IL-10 and TGF-β1 expression in LPS-treated macrophages and LPS-treated mice 
to some extent. In addition, stevioside also inhibited the expression of IRF5, another transcription factor that promotes the tran
scription of pro-inflammatory cytokines, and downregulated its levels in the nucleus. LPS induces rapid release of pro-inflammatory 
cytokines and mediators into the blood and causes excessive cytokine-mediated liver injury and lethal shock in d-GalN-sensitized mice. 
Using the said model, the team demonstrated that treatment with stevioside significantly improved survival in lethal shock animals. 
Moreover, the in vivo concentration of stevioside used in the study may have anti-inflammatory effects on humans—the human 
equivalent dose is 263.7 mg/kg, much lower than the NOADR dose—970 mg/kg. But it is worth bearing in mind that stevioside’s 
inhibitory effect only occurred when LPS was injected before or simultaneously, not so when injected after the drug, an indication that 
stevioside may compete with LPS on certain targets. 

In addition, the research also saw a superb enhancement in AMPK activation. And stevioside’s suppressive effect on LPS-induced 
activation of NF-κB and IRF5 could no longer be seen, with CC pretreatment. It unveiled that enhancement may be regulating the 
drug’s inhibition on NF-κB/IRF5 [160]. 

6.2. Butyric acid; β-aminoisobutyric acid 

Human antigen R (HuR), an RNA-binding protein, is a major repressor in the process of adipogenesis, expressed in a variety of cells, 
such as intestine, fat, etc [161]. HuR exhibits both pro-inflammatory and anti-inflammatory properties, according to existing studies 

Fig. 5. Structures of Butyric acid, BAIBA, Metformin, EMPA and Ezetimibe.  
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[162,163]. 
One of the saturated short-chain fatty acids, butyric acid, is the main component of fats and lipids in food and plays a crucial role in 

lipid metabolism (Fig. 5). In Western blot analysis, it was found that activation of AMPK causes a reduction in HuR levels. Butyric acid 
may be capable of inhibiting the production of lipids and alleviating inflammation by regulating HuR expression [164]. 

A natural thymine catabolite, β-aminoisobutyric acid (BAIBA) features beneficial effects on obesity-related metabolic diseases. 
According to animal experiments, the non-protein amino acid stimulates fatty acid oxidation and suppresses lipogenesis, thereby 
attenuating obesity [165]. In differentiated 3 T3-L1 cells, BAIBA blocked LPS-induced NF-κB and IκB phosphorylation, TNFα, and 
MCP-1 production. It suppressed adiponectin expression in the said cells, yet consistent with the existing studies of adiponectin [166]. 
BAIBA appears to boost AMPK phosphorylation without adiponectin. siRNA of AMPK abolished BAIBA’s anti-inflammatory effects. 
And the team experimented with metformin, glimepiride, a sulfonylurea derivative that does not affect AMPK, and BAIBA, on 
LPS-induced pro-inflammatory cytokine secretion and glucose uptake. The three all showed positive effects to some degree. The details 
are worthy of note. BAIBA and metformin are more potent than 10 days of glimepiride treatment. The outcomes of metformin and 
glimepiride treatment of 24 h were similar to 10 days ones. In contrast, no effects of BAIBA can be seen within 24 h period, one that 
indicates it should be left longer to be working [165]. Overall, in differentiated 3 T3-L1 cells treated with LPS, BAIBA exhibits 
anti-inflammatory and anti-insulin resistance effects via the AMPK pathway. BAIBA appears to have therapeutic effects on adipose 
tissue as well as skeletal muscle and liver cells, as a result of these findings. 

6.3. Metformin 

A member of the guanidine class, metformin is a biguanide with two methyl substituents at the 1-position. Recently, it has 
reportedly had an anti-inflammatory effect in addition to being a hypoglycemic agent [167]. Metformin is a well-established AMPK 
agonist. By directly targeting mitochondrial complex I, metformin regulates AMPK phosphorylation. Metformin activates duodenal 
AMPK to reduce glucose production and plasma glucose levels in HFD-fed type 2 diabetes rats, and duodenal AMPK activation 
significantly contributed to the overall acute hypoglycaemic effect [168]. 

Sepsis, a deadly end-organ dysfunction, is mainly caused by an inflammatory reaction due to a cytokine storm [169]. Song et al. 
reported that metformin alleviated inflammation and liver damage by activating the phosphorylation of AMPK, which further 
inhibited the proteins of the Akt signalling pathway like HMGB1 and TNF-α in aged septic mice. Notably, they discovered the drug 
could reverse LPS-induced decrease of PGC-1α and the increase of PDK1 and hypoxia-inducible factor 1 α (HIF-1α). These results 
suggest that metformin’s capability of alleviating liver injury and inflammatory responses is, perhaps, through activation of the 
AMPK-PGC-1α axis [170,171]. 

Overall, metformin may be a potential drug against sepsis. However, the researchers have only reported in vivo experiments, and no 
in vitro studies, so further confirmation is needed. 

6.4. Empagliflozin 

Sodium-glucose cotransporter two inhibitors (SGLT2is) are considered a key regulator of lipid metabolism in NAFLD treatment 
[172]. SGLT2 inhibitor empagliflozin (EMPA) is reported to have unparalleled benefits in diabetic patients with NAFLD or established 
cardiovascular disease [173–175]. Empagliflozin reduces triglyceride and free fatty acid (FFA) buildup by increasing energy expen
diture and fatty acid oxidation [176]. 

Ma et al. studied the prevention of NAFLD-related inflammation by empagliflozin. In addition to its ability to inhibit inflammation 
by up-regulating Sesn2, empagliflozin stimulates downstream signalling, such as p-AMPK and p-mTOR and Nrf2/HO-1. Results 
showed that Sesn2 knockdown aggravated the inflammatory response of phosphatidic acid (PA)-stimulated hepatocytes in vitro. In 
contrast, in PA-stimulated HepG2 cells, Sesn2 knockdown significantly suppressed empagliflozin-mediated changes in inflammatory 
cytokines and AMPK/mTOR signalling, suggesting that empagliflozin-mediated inflammation is partially dependent on Sesn2 
expression. 

SGLT2i stimulates AMPKα, enhancing fatty acid oxidation and lowering hepatic lipid content. Thus, empagliflozin may increase 
fatty acid oxidation via the AMPK pathway. Circulating Sesn2 was independently related to HDL levels, suggesting that it regulates 
lipid metabolism [175,177,178]. 

HFD-induced disordered fatty acid oxidation in mice was significantly attenuated by empagliflozin treatment. As a key tran
scriptional regulator, PPARα is mainly involved in mitochondrial oxidation, with FFAs and fatty acid derivatives as ligands [179]. A 
regulator of lipid peroxides, glutathione peroxidase 4 (GPX4) converts lipid hydroperoxides to lipid alcohols, protecting cells from 
death. Empagliflozin increases GPX4 and PPARα to control lipid oxidation [180]. Further, Nrf2’s downstream targets, say, HO-1 and 
GCLC, appear activated after it enters the nucleus [181]. Based on the results of Ma et al. empagliflozin inhibits oxidation by activating 
the Nrf2/HO-1/GCLC axis. Yet, according to the researchers, Sesn2 does not improve lipid oxidation by regulating PPARα [175]. 

Furthermore, empagliflozin decreased FAS, SREBP-1c, triglyceride, and FFA levels in effect but remained more remarkable than in 
cells with unchanged Sesn2 expression, indicating lipid metabolism reduction. In de novo lipogenesis, FAS and SREBP-1c play an 
essential role [182]. Additionally, adipogenesis and triglyceride and FFA levels were increased by silencing Sesn2. Instead, with Sesn2 
silenced, empagliflozin cannot produce the same results. These findings indicate that empagliflozin appears to partially mitigate lipid 
metabolic alterations through the upregulation of Sesn2 and the downregulation of adipogenesis. 

However, what remained unclear is whether empagliflozin reduces lipid metabolism and synthesis through Sesn2 or whether 
PPARα/AMPK depends on these changes. Thus, Sesn2 silencing in vivo models and mechanistic studies and, also, the identification of 
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the downstream factors is needed. 
These results demonstrate that empagliflozin activates the Sesn2-mediated AMPK/mTOR pathway and improves lipid accumu

lation in obesity-associated NAFLD. Therefore, Sesn2 may be a target for the treatment of NAFLD through its influence on the AMPK/ 
mTOR signalling pathway, giving a direction for future research worthy of further exploration [175]. 

6.5. Ezetimibe 

An increasing number of people are suffering from NAFLD or NASH, but there is still no FDA-approved drug for treating the two. 
But ezetimibe has been shown in studies to improve NAFLD [183]. 

Ezetimibe is a lipid-lowering drug widely used clinically. The main features that characterise NASH are impaired macro- 
autophagy/autophagic flux and inflammasome activation. Kim et al.’s study showed that ezetimibe’s effect on alleviating hepatic 
steatosis, inflammation and fibrosis is autophagy pathway-dependent [184]. AMPK is essential for ezetimibe-induced therapeutic 
effects on steatosis and lipotoxicity via autophagy. Autophagy negatively regulates NLRP3 inflammasome activity [185]. Furthermore, 
inflammatory extracellular vesicles (EVs) are intercellular mediators between hepatocytes and macrophages in NASH, and ezetimibe 
regulates hepatocyte-macrophage communication through inflammatory EVs released by hepatocytes, thereby inhibiting 
inflammation. 

In conclusion, ezetimibe ameliorated the beneficial effects of hepatic steatosis, inflammation and fibrosis by inducing AMPK- 
mediated autophagy activation. Ezetimibe is a promising therapy for steatohepatitis and fibrosis [184]. 

7. Discussion 

An increasing number of studies have reported the role of AMPK in anti-inflammation. Abundant research evidence points to the 
AMPK/SIRT1 pathway. AMPK/SIRT1 activation inhibits NF-κB-mediated inflammatory pathways, thereby inhibiting the expression of 
inflammatory cytokine. 

This article attempts to summarise the drugs with related effects. Most research results are for metabolic diseases, say, obesity- 
related inflammation or fatty liver. Classical drugs such as metformin, ezetimibe, and empagliflozin have anti-inflammatory effects 
through the AMPK pathway. Metformin is a classic hypoglycaemic agent; the latter two are traditional hypolipidemic drugs. The 
deepening of researchers’ understanding of drugs will help guide clinical medication. 

Empagliflozin, resveratrol, magnolol and other drugs have been mentioned in the research of drugs on the adjustment of PPAR. As 
an important transcriptional regulator, PPARα is mainly involved in mitochondrial oxidation, and its ligands include FFAs and fatty 
acid derivatives [61,179]. Empagliflozin regulates lipid oxidation by enhancing GPX4 and PPARα. Empagliflozin was observed to 
increase lipid oxidation via Sesn2 knockdown, yet, PPARα was not affected by empagliflozin treatment. This may indicate that Sesn2 
does not enhance lipid oxidation through modulating PPARα. In this day and age, the development of novel approaches to target many 
signalling pathways is underway. There may be a more significant benefit to combining multiple drug targets and pathogenic path
ways. Yet the majority of clinical trials focus on monotherapies. 

Despite NASH and NAFLD long being diseases of concern, there is no approved treatment drug thus far. Natural compounds are 
protective not only against steatosis and inflammation but especially against fibrosis – which is a key to NAFLD treatment. In addition, 
we noticed that many drugs, if not most, reportedly protect endothelial cells by suppressing NLRP3 inflammasomes and activating 
AMPK. Hopefully, the compounds and the studies mentioned can provide new ideas for the prevention and treatment of diabetic 
cardiovascular complications and NAFLD. 

Additionally, it is worth noting that, methodology-wise, DARTS have the advantage of directly using small natural molecules 
without any fixation or modification when studying to identify small molecule target proteins in natural products [99]. It might serve 
as a shortcut to learning other small molecules, such as those mentioned above. 

This paper mentions polyphenolic compounds that can treat inflammation by activating AMPK, and their structural commonality 
deserves further observation. It is worth noting that the substituent at the methoxy position significantly affects the anti-inflammatory 
effect of curcumin, and some analogues have significant differences in their impact on inflammation. Methoxy groups may be potential 
structural candidates for designing drugs based on curcumin for inflammatory diseases. This also deserves further study in other 
medications. 

Not only AMPK activation but also the inhibition of hypothalamic AMPK plays a key role in energy balance [29]. It is noteworthy 
that, according to López et al. the most hypothalamic AMPK activities are linked to mediating hormonal effects [186]. For example, 
leptin, among hormones responsible for reducing food intake, is crucial in modulating hypothalamic AMPKα2, one of the two α 
subunits, on homeostasis regulation within the sympathetic nervous system [187,188]. Other examples can be BMP8B, estradiol as 
well as metformin [189–192]. Yet, it is also important to know that there are a great number of natural small molecule compounds 
modulate AMPK at the central level, say, p-coumaric acid [193]. A plant phenolic acid, p-coumaric acid, is the major constituent of 
Sasa quelpaertensis Nakai extract [194]. Nguyen et al.’s study suggests that p-coumaric acid exerts different effects at different levels. 
Treating with p-coumaric acid inhibited hypothalamic AMPK, but enhanced peripheral AMPK activation [193]. 

Overall, the drugs listed in this paper have various structures, many of which are natural products. Most of the natural compounds 
mentioned have one or more of the structures of cyclohexanol, cyclohexylidene ketone, phenol, and catechol. The classic drug for 
treating hyperlipidaemia, ezetimibe, also has phenol, which might be a traditional structure that activates AMPK and regulates related 
diseases. If we can get inspiration from the structures of these natural products, further study the structure-activity relationship, and 
synthesise more potent compounds, it will benefit future development. Certain compounds exhibit structural similarities, yet further 
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investigation is required to determine which structural components constitute privileged structures with higher therapeutic potential. 
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