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Abstract: Type 2 diabetes mellitus (T2DM) is a chronic metabolic disorder characterized
by insulin resistance and impaired glucose metabolism and affects a substantial portion
of the global population. Over the past few decades, numerous studies have investigated
lifestyle factors, including diet and physical activity, as preventive measures or adjunc-
tive treatments for T2DM. Among the dietary factors, coffee consumption has garnered
attention because of its potential to mitigate the risk and progression of T2DM. This re-
view examines the current evidence on the relationship between coffee consumption and
T2DM, with particular focus on the major polyphenols found in coffee, such as chlorogenic
acid and related hydroxycinnamic acids (caffeic acid, ferulic acid, p-coumaric acid, and
sinapic acid). These bioactive compounds are thought to exert anti-diabetic effects through
several mechanisms, including improvements in glucose homeostasis, insulin sensitivity,
inflammation, and oxidative stress. This review aimed to clarify the scientific rationale
behind the potential therapeutic effects of coffee on T2DM and proposed directions for
future studies. However, significant knowledge gaps remain, including limited clinical
evidence, unclear optimal dosages, low bioavailability, and an incomplete understanding
of molecular mechanisms. Addressing these gaps through well-designed clinical trials and
advanced molecular studies is essential to fully establish the therapeutic potential of coffee
and its polyphenols in T2DM.

Keywords: type 2 diabetes mellitus; coffee; polyphenols; chlorogenic acid; caffeic acid;
ferulic acid; p-coumaric acid; sinapic acid

1. Introduction

Type 2 diabetes mellitus (T2DM) is a serious and growing global health challenge, and
its prevalence is increasing at an alarming rate. The World Health Organization reported
that the number of adults with diabetes aged > 18 years increased from 7% (200 million)
in 1990 to 14% (830 million) in 2022, with its incidence continuing to rise because of
aging populations, urbanization, and lifestyle changes [1]. The International Diabetes
Federation estimated that 537 million adults aged 20-79 years had diabetes by 2021 based
on epidemiological data that encompassed both diagnosed and undiagnosed cases [2]. This
number is projected to reach 783 million by 2045, if current trends continue. Although
these estimates differ in methodology, both organizations highlight the alarming growth of
diabetes incidence worldwide and its significant impact on public health. T2DM accounts
for approximately 90% of all diabetes cases globally [2].
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T2DM is a complex metabolic disorder characterized by insulin resistance and im-
paired glucose homeostasis, often leading to severe complications such as cardiovascular
disease, nephropathy, and neuropathy [3]. Lifestyle modifications, including dietary in-
terventions and regular physical activity, play crucial roles in maintaining blood glucose
control and preventing complications in T2DM [4]. Although some individuals may achieve
glycemic control through lifestyle changes alone, pharmacological treatments are often
necessary, especially in more advanced or severe cases, to prevent disease progression
and optimize long-term health outcomes. Pharmacological treatments such as metformin,
sodium glucose cotransporter 2 (SGLT2) inhibitors, and glucagon-like peptide-1 (GLP-1) re-
ceptor agonists are generally effective and well-tolerated, and have significantly contributed
to improving glycemic control and preventing complications in T2DM [5]. However, they
may be associated with certain side effects, such as gastrointestinal side effects, ketoacidosis,
and the risk of hypoglycemia [5]. Therefore, there is an increasing need for safer and more
sustainable therapies. A wide range of bioactive compounds, including those derived
from plants, microalgae, and insects, are being explored for their potential in metabolic
disease management [6—8]. Plant-derived compounds have gained attention as potential
therapeutic agents because of their broad bioactive properties and lower risk of adverse
effects compared to synthetic drugs [8], although occasional adverse effects have been
reported [9]. Polyphenol-rich plant foods and beverages have positive metabolic and men-
tal health benefits [10,11]. Many phytochemicals exhibit antioxidant, anti-inflammatory;,
and insulin-sensitizing effects, making them promising candidates for diabetes manage-
ment [8]. Coffee and its bioactive compounds have been extensively studied for their
potential role in modulating glucose metabolism and reducing the risk of T2DM and its
complications [12,13].

Coffee is one of the most widely consumed beverages worldwide [14]. Global coffee
consumption has increased by approximately 7.8% over the past five years, reaching more
than 10 million tons in 2022/23 [14]. Moreover, many studies suggest that coffee may help
in mitigating the risk of developing T2DM [12,13]. In fact, epidemiological studies have
reported that regular coffee drinkers exhibit a significantly lower risk of developing T2DM
than non-drinkers. This protective effect is believed to be due to the presence of various
bioactive compounds in coffee, such as chlorogenic acid and related hydroxycinnamic
acids (namely, caffeic, ferulic, p-coumaric, and sinapic acids). These bioactive compounds
may influence various mechanisms involved in glucose regulation, insulin resistance,
inflammation, and oxidative stress, all of which are critical factors in the pathogenesis
of T2DM.

This review aimed to provide a comprehensive overview of the relationship between
coffee consumption and T2DM, with a particular focus on the major polyphenols found in
coffee, such as chlorogenic acid and its structurally related hydroxycinnamic acids (caffeic,
ferulic, p-coumaric, and sinapic acids), which influence key pathways involved in glucose
homeostasis, insulin resistance, oxidative stress, and inflammation. It also discusses the
current research gaps and proposes future directions for clinical investigations.

2. Coffee and T2DM
2.1. Evidence from Epidemiological and Clinical Studies

Numerous epidemiological and clinical studies have investigated the relationship
between coffee consumption and the incidence and progression of T2DM in humans.
Overall, evidence from prospective cohort studies and meta-analyses strongly supports
an inverse association between habitual coffee intake and T2DM risk [15-20]. Notably,
beneficial effects were observed for both caffeinated and decaffeinated coffees [15,19].
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Large-scale evidence from meta-analyses and prospective cohort studies consistently
indicates the association between higher coffee consumption and a significantly lower risk
of T2DM development, as compared with minimal or no coffee intake. For instance, a meta-
analysis by Huxley et al. [15], which included over 457,000 participants aged 20 to 98 years
from 18 prospective cohort studies (median follow-up duration: 2-20 years), showed a
dose-dependent inverse association, with each additional daily cup of coffee reducing
the risk of T2DM by 7% (relative risk [RR]: 0.93; 95% confidence interval [CI]: 0.91-0.95).
Similar protective effects were also observed for decaffeinated coffee, suggesting a role for
non-caffeinated bioactive compounds [15]. These findings are supported by U.S. cohort
studies. Bhupathiraju et al. [16] analyzed over 120,000 participants aged 30 to 55 years
across three major U.S. cohorts and reported that increasing coffee intake by more than
one cup per day over a 4-year period was associated with a 12% lower risk of T2DM in
the subsequent 4 years. Conversely, reduced coffee intake was associated with higher
risk, indicating the importance of habitual consumption patterns. Similar trends have
been reported in other Asian populations. Iso et al. [17] found that Japanese adults aged
40 to 65 years with no history of T2DM who consumed > 3 cups of coffee daily had a
42% lower risk of T2DM over a 5-year follow-up compared to those consuming < 1 cup
per week (odds ratio: 0.58; 95% CI: 0.37-0.90), with stronger effects noted in women and
overweight individuals.

A systematic review of 13 cohort studies published between 2001 and 2011 confirmed
an inverse association between habitual coffee consumption and the risk of T2DM [18].
Among over 1.2 million participants aged 20-88 years and 9473 cases of incident T2DM,
those consuming 4-6 or more than 6-7 cups per day had significantly lower risks than those
consuming < 2 cups daily, with follow-up durations ranging from 5 to 18 years. Each of the
13 cohort studies included in this systematic review reported odds ratios and confidence
intervals [18]. This review also suggests that filtered and decaffeinated coffee may be more
beneficial than boiled or caffeinated coffee, particularly in individuals aged < 60 years.
However, the authors cautioned against promoting coffee consumption as a public health
strategy without further mechanistic evidence. Potential adverse effects associated with
high coffee intake should be carefully considered. Excessive consumption (more than 4 cups
per day) has been linked to increased blood pressure in individuals with hypertension and
reduced fertility in both men and women [21]. Caffeine, a major component of coffee, has
also been associated with symptoms of nervousness, anxiety, depression, and an increased
need for anxiolytic medications [21].

Recent meta-analytical evidence further strengthens the protective role of coffee.
Ding et al. [19] conducted an updated meta-analysis of 28 prospective cohort studies in-
volving over 1.1 million participants aged 20-88 years and 45,335 patients with T2DM, with
follow-up durations ranging from 10 months to 20 years. They found a clear dose-response
association (RR for 6 cups/day: 0.67; 95% CI: 0.61-0.74), with both caffeinated and decaf-
feinated coffee offering protection (RR per 1 cup/day: 0.91 and 0.94, respectively; p = 0.17).
Jiang et al. [20] further confirmed these findings in another large-scale meta-analysis includ-
ing over one million participants and 50,000 T2DM cases, with varied follow-up durations
ranging from 2.6 to 24 years. They reported 29%, 21%, and 30% lower risks associated with
coffee, decaffeinated coffee, and caffeine intake, respectively, when comparing the highest
and lowest consumption groups. Notably, the associations were stronger among women,
non-smokers, and those with a lower BMI (<25 kg/m?), implying that individual factors
may modify the protective effects of coffee.

Despite the strong associations demonstrated across large observational cohorts, the
question remains as to whether these relationships are causal. Several short-term random-
ized controlled trials (RCTs) have reported that caffeine intake can acutely reduce insulin
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sensitivity [22,23] and increase blood glucose concentrations [24,25]. However, as coffee con-
tains numerous bioactive compounds in addition to caffeine, including chlorogenic acids,
other polyphenols, and diterpenes, it is important to distinguish between the metabolic
effects of whole coffee and those of caffeine alone. In this context, van Dam et al. [26]
conducted two crossover trials in healthy individuals to assess the impact of regular coffee
and isolated caffeine over 4 weeks. Regular coffee consumption significantly increased
fasting insulin concentrations compared with coffee-free conditions, whereas caffeine and
weaker coffee consumption showed a non-significant trend toward increased insulin levels.
No significant changes in fasting glucose levels were observed. Although insulin resistance
was not measured directly, an increase in fasting insulin levels following regular coffee
consumption may reflect a short-term reduction in insulin sensitivity.

In addition to short-term findings, an 8-week RCT involving overweight but otherwise
healthy adults found that both caffeinated and decaffeinated coffee altered metabolic
biomarkers linked to adipose tissue and liver function [27]. Specifically, caffeinated coffee
increased circulating adiponectin, a hormone that enhances insulin sensitivity [28], whereas
decaffeinated coffee significantly reduced the levels of fetuin-A, a hepatokine as-sociated
with insulin resistance [29]. Notably, no significant effects on glucose tolerance or insulin
sensitivity were observed, suggesting that the metabolic benefits of coffee may arise from
improvements in tissue function rather than from immediate effects on glycemia. These
findings align with the results of another clinical study in habitual coffee drinkers, which
further supports the role of non-caffeine components in mediating metabolic benefits
through non-glycemic pathways [30]. In this trial, increasing coffee intake to eight cups
per day over two months significantly elevated the serum concentrations of chlorogenic
and caffeic acid metabolites, reduced inflammatory and oxidative stress markers such as
interleukin (IL)-18 and 8-isoprostane, and increased the levels of adiponectin and high-
density lipoprotein (HDL) cholesterol. Although glucose tolerance remained unchanged,
these results highlight the potential of chlorogenic and caffeic acid metabolites in improving
metabolic health through mechanisms other than glycemic regulation.

Further supporting the metabolic potential of chlorogenic acid, a clinical study demon-
strated that the consumption of chlorogenic acid-enriched instant coffee reduced glucose
absorption compared with control coffee in healthy individuals [31]. Notably, this effect
was not observed in either regular or decaffeinated coffee, emphasizing the distinct role
of chlorogenic acid. In a 12-week randomized double-blind trial involving overweight
individuals, chlorogenic acid-enriched coffee led to significantly greater reductions in
body weight [31], suggesting enhanced postprandial glucose regulation and weight loss
associated with chlorogenic acid.

Long-term clinical trials have demonstrated the benefits of habitual coffee consump-
tion on glucose metabolism. A 16-week randomized trial involving overweight men with
impaired fasting glucose revealed that consumption of five cups of coffee per day allevi-
ated glucose intolerance compared to that in non-coffee controls [32]. While decaffeinated
coffee did not produce statistically significant changes in the results of the oral glucose
tolerance test, consumption of both caffeinated and decaffeinated coffee was associated
with improved post-load glucose after adjusting for waist circumference, implying that
both caffeine and non-caffeine components may contribute to metabolic improvements.

Recent clinical evidence also suggests that the phenolic components of coffee, par-
ticularly polyphenols such as chlorogenic acid, may influence body composition. In a
randomized, single-blind, crossover trial, overweight and obese adults consumed either
lightly or heavily roasted coffee for 12 weeks [33]. Lightly roasted coffee, which contained
higher levels of hydroxycinnamic acid (~400 mg/cup) than heavily roasted coffee, led to
significantly greater reductions in fat mass and fat percentage. Both coffee types modestly
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increased muscle mass without altering body weight or metabolic syndrome markers
(fasting blood glucose, HDL cholesterol, and triglycerides). These results highlight how
differences in coffee preparation can influence the retention of bioactive compounds, and
consequently, their metabolic effects.

Collectively, both caffeine and polyphenols in coffee contribute to improved insulin
sensitivity, glucose metabolism, and inflammation modulation in individuals with T2DM,
as supported by various observational and interventional studies. Beyond the diabetic pop-
ulation, some evidence from healthy individuals suggests that regular coffee consumption
may also confer systemic benefits through antioxidative and rheological mechanisms. For
instance, consumption of two cups of coffee per day for 3 weeks was shown to improve
the glutathione redox ratio in erythrocytes and enhance blood rheology in healthy young
adults, suggesting an additional mechanism by which coffee may exert health-promoting
effects [34].

Table 1 summarizes the key epidemiological and clinical studies evaluating the rela-
tionship between coffee consumption and the risk of T2DM. A consistent inverse association
has been observed across diverse populations and study designs, with both caffeinated
and decaffeinated coffees exhibiting protective effects. Notably, chlorogenic acid-enriched
or lightly roasted coffee, which retains high levels of polyphenols, demonstrates addi-
tional metabolic benefits, including reduced fat mass, improved glucose intolerance, and

increased adiponectin levels.

Table 1. Overview of human studies on the impact of coffee on T2DM.

Study

Population/Model

Key Findings

Huxley et al. [15]

457,000+ participants
(18 prospective cohorts;
median follow-up: 2-20 yrs)

7% | risk per cup/day
(dose-dependent)

Bhupathiraju et al.
[16]

120,000+ participants
(3 U.S. cohorts; follow-up: 4 yr diabetes risk
assessed after 4 yr coffee intake)

12% | risk with >1 cup/day

Isoetal. [17]

Japanese adults
(follow-up: 5 yrs)

42% | risk with >3 cups/day

Muley et al. [18]

1,200,000+ participants
(13 cohorts; varied follow-up: 5-18 yrs

| risk with 4-6 or >6-7 cups/day
(filtered and decaf. favored)

Ding et al. [19]

1,100,000+ participants
(28 prospective cohorts; follow-up: 10 mos~18 yrs)

33% | risk with 6 cups/day
(dose-dependent)

Jiang et al. [20]

1,000,000+ participants
(meta-analysis; varied follow-up: 2.6-24 yrs)

21-30% | risk in highest vs. lowest intake
(coffee, decaf., caf.)

van Dam et al. [26]

Healthy adults
(4 wk intervention)

1 fasting insulin (caf. coffee)/no change
in glucose

Wedick et al. [27]

Overweight adults
(8 wk intervention)

T adiponectin (caf.), | fetuin-A (decaf.)

Kempf et al. [30]

Nondiabetic adults < 65 y at elevated risk of T2DM
(8 wk intervention)

1 CGA/CA metabolites, | IL-18,
1 adiponectin, HDL C with 8 cups/day

Thom [31]

Healthy adults/Overweight adults
(12 wk intervention)

6.9% | glucose absorption in healthy
adults/5.4 kg | body weight in
overweight adults (CGA-enriched coffee)
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Table 1. Cont.
Study Population/Model Key Findings
Overweight men with IFG 1 post-load glucose and waist (caf.); slight
Ohnaka etal. [32] (16 wk intervention) } glucose (decaf.)
Fernandez- Overweight adults 1 fat % (LRC > RC); T muscle %; no
Carderoetal. [33] (12 wk intervention) weight or MetS change

Arrows indicate direction: 1 increase, | decrease. decaf.: decaffeinated; caf.: caffeinated; T2DM: type 2 diabetes
mellitus; CGA: chlorogenic acid; CA: caffeic acid; HDL C: high-density lipoprotein cholesterol; IFG: impaired
fasting glucose; LRC: lightly roasted coffee; RC: roasted coffee; MetS: metabolic syndrome.

2.2. Experimental Evidence from Animal Studies

Animal studies have provided compelling evidence supporting the beneficial
metabolic effects of coffee, particularly in models of diet-induced insulin resistance
and T2DM.

Chronic coffee consumption was shown to improve glucose tolerance, lower fasting
blood glucose levels, and enhance insulin sensitivity in a high-fat-diet (HFD)-induced
insulin resistance mouse model [35]. Moreover, coffee intake reduces systemic inflam-
mation, as evidenced by decreased levels of pro-inflammatory cytokines such as tumor
necrosis factor-oc (TNF-«) and IL-6 [36-38]. In type 2 diabetic KK-Ay mice, coffee intake has
been shown to protect against hyperglycemia by ameliorating insulin resistance, and these
anti-diabetic effects are partly attributed to reduced inflammation in adipose tissue [37].
A recent study also reported that coffee consumption during HFD-induced obesity im-
proved glucose intolerance in mice, which was accompanied by reductions in macrophage
infiltration and expression of IL-6 and TNF-« in adipose tissue, as well as in plasma IL-6
levels [38].

The degree of coffee roasting may also influence physiological effects. A study in
diet-induced obese rats compared the metabolic effects of unroasted, dark, and very dark-
roasted coffee [39]. All three coffee types improved glucose tolerance and significantly
lowered insulin levels and resistance, indicating enhanced insulin sensitivity. Notably,
dark-roasted coffee lowered fasting glucose levels. Among the three types of coffee, un-
roasted coffee had the most pronounced lipid-lowering effects, including reductions in
triglycerides, free fatty acids, and adipocyte size, all of which are closely linked to insulin
resistance. Regardless of the degree of roasting, coffee intake attenuated hepatic steatosis
and decreased the markers of hepatic apoptosis, suggesting a protective effect against liver
dysfunction which is often associated with insulin resistance and metabolic dysregulation
in T2DM [40].

In addition, animal studies have suggested that coffee reduces intestinal glucose
absorption [41]. Although this effect may be negligible in healthy individuals with normal
glucose metabolism, it may be beneficial in individuals with insulin resistance or diabetes
by blunting postprandial glucose spikes. Whether this action is mediated by coffee-induced
alterations in gut microbiota remains unclear and warrants further investigation.

Collectively, these animal data suggest the potential of coffee as a modulator of key
molecular targets involved in glucose homeostasis, insulin activity, lipid metabolism, and
hepatic function. The mechanistic insights gained from animal models contribute to a
biologically plausible explanation for the protective associations observed between coffee
consumption and T2DM risk in human studies. However, the differences in physiology,
dosing, and study conditions between animal and human studies highlight the need for
cautious interpretation and further validation in clinical settings.
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3. Potential Role of Chlorogenic Acid and Related Hydroxycinnamic
Acids in T2DM

Coffee contains a variety of bioactive compounds, including chlorogenic acids, caf-
feine, diterpenes, and trigonelline, many of which are widely recognized for their in-
fluence on diabetes. Along with caffeine, growing evidence suggests that non-caffeine
compounds, such as chlorogenic acids, also play a significant role in glucose metabolism
and insulin sensitivity.

Chlorogenic acids are a family of polyphenolic compounds consisting of esters formed
between hydroxycinnamic acids (caffeic, ferulic, p-coumaric, and sinapic acids) and quinic
acid [42]. Among these, chlorogenic acid, an ester of caffeic and quinic acids, is the pre-
dominant form found in coffee. Figure 1 illustrates the chemical structures of chlorogenic,
caffeic, ferulic, p-coumaric, sinapic, and quinic acids. The contents of chlorogenic acid and
related hydroxycinnamic acids in coffee vary depending on the coffee species, roasting
degree, and preparation method [43], and are summarized in Table 2.

HO, COLH o 0
o
S OH A
HO o = /@/\)L OH
OH OH HO HO
OH OH OCHg
Chlorogenic acid Caffeicacid Ferulic acid

It H4CO i :
3 A
H
HO O HO

OCHg

p-Coumaricacid Sinapic acid Quinic acid

Figure 1. Chemical structures of chlorogenic acid and related hydroxycinnamic acids.

By applying high-performance liquid chromatography (HPLC) following methanolic—
acetic acid extraction and alkaline hydrolysis to coffee bean samples, Mattila et al. [44] char-
acterized key phenolic acids (caffeic, p-coumaric, ferulic, sinapic), and Moeenfard et al. [45]
quantified chlorogenic acid in coffee brews via HPLC with a diode array detector. These
polyphenols of coffee, as characterized by HPLC in previous studies, may contribute to the
anti-diabetic potential of coffee. Figure 2 presents a schematic overview of the potential
anti-diabetic mechanisms of chlorogenic acid and related hydroxycinnamic acids, high-
lighting their roles in inhibiting carbohydrate-digesting enzymes, improving pancreatic
-cell function, regulating hepatic glucose metabolism, enhancing glucose uptake, and
exerting antioxidant and anti-inflammatory effects. This figure provides a framework for
the detailed discussion of mechanisms of each compound in the following sections.

Table 2. Contents of chlorogenic acid and related hydroxycinnamic acids in coffee.

Compound Content in Coffee Reference

76-84% of total chlorogenic acids; approx. 100 mg/g
dry weight (green coffee beans)

Caffeic acid 63.1-96.0 mg/100 mL brewed coffee [47]
Ferulic acid 9.1-14.3 mg/100 g coffee [44,48,49]

Chlorogenic acid [46]
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Table 2. Cont.

Compound Content in Coffee Reference

p-Coumaric acid Approx. 5 mg/200 mL brewed coffee (1 cup) [50]
350-1750 mg/L coffee beverage (70-350 mg/200 mL

Sinapic acid serving); 10.34 and 10.89 mg/100 g (green/light [51,52]
roast beans)

Anti-inflammatory Activity
Antioxidant Activity

G g T
a4 _> - ﬁ N
Carbohydrate- = . @
‘digesting enzymes Amylase — - . d — L\ﬁ ) t Glucose uplake
(Glucose absorption) 4 Coffee orogenic acl \\\/ 4

* Caffeic acid Adipose tissue

¢ Ferulicacid

Small Intestine

* p-Coumaric acid

* Sinapicacid

' Pancreatic fB-cell A t Glucose uptake
function Glucokinase
Glycogen
Earcieas ‘ Gluconeogenesis Muscle

Liver

T

Improvement of Glucose Homeostasis and Insulin Resistance

¥

Protective Effects against Type 2 Diabetes and its Complications

Figure 2. Potential anti-diabetic mechanisms of chlorogenic acid and related hydroxycinnamic acids.
Red arrows indicate direction: 1 increase, | decrease.

3.1. Potential Role of Chlorogenic Acid in T2DM

Chlorogenic acids are abundant in green coffee beans and can be categorized into three
subgroups: caffeoylquinic acids, p-coumaroylquinic acids, and feruloylquinic acids [53].
Each subgroup exists in multiple isomeric forms, of which 5-O-caffeoylquinic acid, com-
monly referred to as chlorogenic acid, is the predominant compound in green coffee.
Chlorogenic acid constitutes approximately 76-84% of the total chlorogenic acid content
in green coffee beans, with a concentration of approximately 100 mg/g dry matter, as
determined by HPLC [46]. The content of total chlorogenic acids, particularly chlorogenic
acid, was significantly influenced by roasting conditions. Higher roasting temperatures and
intensities are correlated with a reduction in the chlorogenic acid concentration due to ther-
mal decomposition, highlighting the impact of processing methods on the phytochemical
composition of coffee beans [46,54].

Both in vitro and in vivo studies have demonstrated that chlorogenic acid exerts a wide
range of pharmacological activities, including antioxidant, anti-inflammatory, antibacterial,
antiviral, hypoglycemic, lipid-lowering, cardioprotective, antimutagenic, and anticancer
effects [55]. Potential therapeutic effects in T2DM have also been reported [56-58].

3.1.1. In Vitro Studies

Chlorogenic acid inhibits the key enzymes involved in carbohydrate metabolism, such
as x-amylase and maltase, thereby potentially reducing postprandial glucose levels [59]. In
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this study, chlorogenic acid was tested at concentrations of 0-5 mM and showed inhibition
of human salivary o-amylase and rat intestinal maltase activities under physiological pH
conditions. Supporting this, chlorogenic acid inhibits porcine pancreatic x-amylase (PPA)
isozymes (PPA-I and PPA-II) in vitro, with ICsy values ranging from 0.07 to 0.08 mM [60],
which may delay starch hydrolysis and contribute to lower postprandial glucose levels. In
addition, chlorogenic acid has been reported to markedly inhibit Na-dependent d-glucose
transport in brush border membrane vesicles in the rat small intestine [61]. Pretreatment
with chlorogenic acid (1 mM) reduced active glucose uptake by approximately 80%, likely
through dissipation of the Na + electrochemical gradient that drives glucose cotransport,
without affecting passive glucose diffusion or membrane integrity. This finding supports
the direct role of chlorogenic acid in limiting intestinal glucose absorption contributes to its
glycemia-lowering potential.

Chlorogenic acid enhances glucose uptake by adipocytes [62], and in rat skeletal
muscle cells in the presence of insulin [63]. It also stimulates insulin secretion from INS-1E
[-cells and isolated rat pancreatic islets, suggesting a dual role in improving both insulin
sensitivity and pancreatic 3-cell function. A recent study has further identified protein
kinase B (AKT) as a direct target of chlorogenic acid. Using chlorogenic acid-modified
magnetic microspheres and immunofluorescence imaging, chlorogenic acid was shown
to bind specifically to the pleckstrin homology domain of AKT, thereby inducing its phos-
phorylation at Ser-473 and activating downstream signaling molecules such as glycogen
synthase kinase 33 and forkhead box protein O1 (FOXO1) [64]. This direct activation of the
AKT pathway resulted in enhanced glucose metabolism in insulin-stimulated HepG2 cells,
suggesting an insulin-sensitizing mechanism for chlorogenic acid at the molecular level.

3.1.2. Animal Studies

The in vitro findings were supported by animal studies. For instance, chlorogenic acid
improves glucose tolerance, suppresses hepatic glucose-6-phosphatase (G6Pase) activity,
and enhances glucose uptake in the skeletal muscles of db/db mice, ultimately leading
to a reduction in fasting blood glucose and an improvement in insulin sensitivity [56,65].
Mechanistically, Ong et al. [65] reported that chlorogenic acid stimulates glucose uptake in
skeletal muscles via the activation of adenosine monophosphate-activated protein kinase
(AMPK). In a subsequent study, the same group confirmed that chlorogenic acid reduced
hepatic G6Pase expression and activity, while promoting skeletal muscle glucose uptake,
resulting in improved glucose homeostasis in db/db mice [56]. These metabolic benefits
are closely associated with AMPK activation, as pharmacological inhibition or knockdown
of AMPK abolished the glucose-lowering effects of chlorogenic acid, indicating a central
role for AMPK in mediating its anti-diabetic effects. In addition to downregulating G6Pase
activity, chlorogenic acid inhibits glucose-6-phosphate hydrolysis by selectively binding
to the T1 transporter, which facilitates substrate entry into the G6Pase system, without
directly inhibiting the catalytic enzyme [66]. This interaction limits substrate availability,
thereby reducing the overall enzyme activity.

Supporting this mechanism, a chlorogenic acid-rich instant coffee extract and its ma-
jor component, chlorogenic acid, were also found to inhibit G6Pase activity in rat liver
microsomes [67]. In late-stage diabetic db/db mice, chlorogenic acid administration re-
duced the fasting plasma glucose and hemoglobin Alc (HbAlc) levels, while improving
kidney fibrosis markers [57]. These effects were associated with increased adiponectin
receptor expression and activation of AMPK and peroxisome proliferator-activated re-
ceptor (PPAR)-« signaling pathways in the liver and muscle. Similar glucose-lowering
effects of chlorogenic acid were also observed in an HFD-induced insulin-resistant mouse
model that mimicked early-stage T2DM [58]. In this model, chlorogenic acid treatment
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improved insulin sensitivity and reduced fasting blood glucose levels. These metabolic
improvements were accompanied by the downregulation of hepatic monoacylglycerol
acyltransferase 1 (MGAT1I), a gene implicated in insulin resistance and hepatic glucose
metabolism [68], further supporting its role in improving glucose homeostasis under
insulin-resistant conditions.

3.1.3. Human Studies

Clinical trials have provided supporting evidence for these mechanisms in humans.
Johnston et al. [69] reported that chlorogenic acid in coffee might delay glucose absorption
and contribute to the modulation of postprandial insulin secretion, as indicated by increased
GLP-1 levels in healthy subjects. Another randomized crossover study conducted by
van Dijk et al. [70] demonstrated that acute ingestion of chlorogenic acid or trigonelline
reduced early postprandial glucose and insulin levels during the oral glucose tolerance
test in overweight men. Collectively, these findings suggest that chlorogenic acid may
exert beneficial effects on postprandial glycemic regulation in humans. Consistently, a
previous study on a 12-week intervention in patients with impaired glucose tolerance
showed that supplementation with chlorogenic acid (400 mg, three times daily) significantly
reduced fasting plasma glucose and insulin secretion, while improving insulin sensitivity,
lipid profiles, and anthropometric measures [71]. Similarly, consumption of instant coffee
enriched with chlorogenic acid was shown to reduce postprandial glucose absorption
by 6.9% compared to control coffee in healthy individuals, and to significantly decrease
body weight in overweight subjects over 12 weeks, suggesting the potential benefits of
chlorogenic acid in regulating dietary glucose utilization and body composition [31].

However, the clinical evidence remains inconsistent. A recent RCT involving patients
with T2DM and non-alcoholic fatty liver disease found that 6-month supplementation
with chlorogenic acid (200 mg/day) and/or caffeine (200 mg/day) did not improve fasting
glucose, homeostasis model assessment-estimated insulin resistance (HOMA-IR), HbAlc,
C-peptide, inflammatory markers (e.g., TNF-«, high-sensitivity C-reactive protein), hepatic
fat accumulation, fibrosis, and other pathological features [72]. Although most metabolic
and hepatic outcomes did not improve, significantly lower total cholesterol levels in the
caffeine group and an increase in insulin levels in the chlorogenic acid + caffeine group
suggested potential context-dependent benefits.

A mechanistic interpretation was proposed to support these preclinical and clinical
findings. McCarty [73] hypothesized that chlorogenic acid may suppress intestinal glucose
absorption and enhance GLP-1 secretion, thereby promoting the expression of IDX-1, a
transcription factor critical for maintaining 3-cell responsiveness to glucose [74], and ul-
timately improving insulin secretory function. Furthermore, chlorogenic acid has been
suggested to inhibit glucose-6-phosphate translocase 1, a key component of intestinal
glucose transport, thereby delaying glucose absorption and mitigating postprandial hyper-
glycemia. By reducing glucose toxicity, this mechanism may contribute to the preservation
of B-cell function in insulin-resistant individuals. This hypothesis suggests a plausible
link between habitual coffee consumption and reduced incidence of T2DM, as observed in
epidemiological studies.

Despite these mechanistic insights and promising preclinical findings, the clinical
outcomes remain inconsistent. Although several preclinical and mechanistic studies have
demonstrated the potential benefits of chlorogenic acid in glucose metabolism, insulin sen-
sitivity, and hepatic lipid regulation, the results from human trials have been mixed. Acute
and short-term studies in healthy and overweight individuals have reported favorable
effects on postprandial glucose levels and insulin secretion, and even modest reductions in
body weight. Similarly, a 12-week RCT in patients with impaired glucose tolerance showed
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improvements in fasting glucose levels, insulin sensitivity, lipid profiles, and anthropomet-
ric markers after high-dose chlorogenic acid supplementation. However, these findings
contrast with those of a more recent 6-month RCT involving patients with T2DM and
non-alcoholic fatty liver disease, in which supplementation with chlorogenic acid and/or
caffeine failed to significantly improve hepatic fat content, liver stiffness, or glycemic and
inflammatory markers. This discrepancy may reflect differences in the study populations
(e.g., early vs. advanced metabolic disease), chlorogenic acid dose and formulation, inter-
vention duration, or background dietary patterns. These inconsistencies underscore the
need for more rigorously designed, long-term clinical trials with well-characterized chloro-
genic acid formulations and stratified patient groups to clarify its therapeutic potential in
human metabolic disorders.

Together, evidence from in vitro and animal studies demonstrates the potential of
chlorogenic acid to improve glucose metabolism through inhibition of digestive enzymes,
stimulation of insulin secretion, and suppression of hepatic glucose production. Figure 3
provides an overview of the key regulatory pathways modulated by chlorogenic acid in the
liver and peripheral tissue, based on previously reported findings. Although clinical out-
comes have been inconsistent, they suggest possible benefits in postprandial glycemic con-
trol, emphasizing the need for further validation through well-controlled, long-term trials.
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Figure 3. Potential pathways of chlorogenic acid in regulating glucose homeostasis in the liver
and skeletal muscle. Red arrows indicate direction: 71 increase, | decrease. AMPK, adenosine
monophosphate-activated protein kinase; FOXO, forkhead box protein O; GLUT, glucose transporter;
GSK3, glycogen synthase kinase 33; PPAR-«, peroxisome proliferator-activated receptor-«.

3.2. Potential Role of Caffeic Acid in T2DM

The caffeic acid content in brewed coffee ranges from 63.1 to 96.0 mg per 100 mL, as de-
termined by HPLC [47]. Caffeic acid has been reported to possess various pharmacological
properties, including antioxidant, anti-inflammatory, and anti-diabetic effects [75,76].

3.2.1. In Vitro Studies

Caffeic acid improves insulin resistance by promoting insulin receptor tyrosyl phospho-
rylation, upregulating the expression of insulin signaling-associated proteins such as insulin
receptors, phosphatidylinositol 3-kinase (PI3K), glycogen synthase, and glucose transporter
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(GLUT) 2, thereby enhancing glucose uptake in TNF-a-induced insulin-resistant FL83B hep-
atocytes [77]. Similarly, a recent study has shown that caffeic acid modulates the PI3K-AKT
signaling pathway, contributing to its hypoglycemic effects [78]. Complementary molecu-
lar docking studies demonstrated robust binding affinities between caffeic acid and key
proteins implicated in T2DM pathophysiology, namely PIK3CA, x-glucosidase, and AKT1,
supporting its potential for therapeutic modulation at the intracellular signaling level.

Moreover, in INS-1E (3-cells, caffeic acid enhanced glucose-stimulated insulin secretion
and glucose sensitivity [79]. It has also been shown to inhibit carbohydrate-digesting
enzymes such as x-amylase and (3-glucosidase [80], and to suppress intestinal glucose
absorption via inhibition of sodium-dependent GLUT 1 in Caco-2 cells [81]. Further studies
reinforced the inhibitory effects of caffeic acid on x-amylase and «-glucosidase based
on both enzymatic assays and molecular docking analyses [82,83]. Notably, McMillan
et al. [83] demonstrated that caffeic acid exhibits inhibition constants (Ki) comparable to
those of acarbose, a clinically prescribed enzyme inhibitor, without significant cytotoxicity
in Caco-2 cells, highlighting its potential to delay carbohydrate digestion and mitigate
postprandial hyperglycemia.

In addition, caffeic acid exhibits antioxidant effects, including radical scavenging,
inhibition of lipid peroxidation, and prevention of glutathione depletion in hepatocytes [47].
It also promotes glucose uptake in L6 myotubes and isolated rat skeletal muscle tissue, and
enhances glycogenesis while inhibiting gluconeogenesis in TNF-a-treated insulin-resistant
mouse hepatocytes [84,85].

3.2.2. In Vivo Studies

The anti-diabetic potential of caffeic acid has been supported by in vivo studies.
In db/db mice with T2DM, caffeic acid improved glucose metabolism by upregulating
pancreatic insulin expression, enhancing hepatic glucokinase activity, inhibiting hepatic
gluconeogenic G6Pase and phosphoenolpyruvate carboxykinase (PEPCK) activities, and
increasing GLUT4 expression in the adipose tissue, leading to reductions in fasting blood
glucose and HbAlc levels [86]. Similarly, caffeic acid, a compound found in the fruit
of Xanthium strumarium, alleviated glucose intolerance and insulin resistance in obese
(fa/fa) Zucker rats [87]. Tsuda et al. [88] reported that caffeic acid promoted AMPK activ-
ity and insulin-independent glucose transport in rat skeletal muscles. In a rat model of
HFD-induced hyperinsulinemia, daily oral administration of caffeic acid (30 mg/kg) for
30 weeks significantly reduced plasma glucose and insulin levels, improved insulin resis-
tance, and upregulated insulin signaling proteins, including the insulin receptor, PI3K, AKT,
and insulin-degrading enzymes in the brain [89]. In a rat model of fructose/streptozotocin
(STZ)-induced T2DM, caffeic acid improved glycemic control, restored pancreatic 3-cell
function, and ameliorated dyslipidemia, hepatic and renal dysfunction, and oxidative
stress, with efficacy comparable to that of metformin [90]. To enhance its therapeutic
efficacy, recent studies have explored complexation strategies, such as zinc(Il)—caffeic acid
complexation, which demonstrated improved anti-diabetic and antioxidant activities in
type 2 diabetic animal models compared to either component alone [91].

In addition to its metabolic actions, caffeic acid exerts vascular protective effects
through multiple mechanisms. It inhibits the formation of advanced glycation end prod-
ucts (AGEs) and attenuates AGE-induced oxidative stress and inflammation, as evidenced
by the downregulation of IL-13, IL-18, intercellular adhesion molecule-1, vascular cell
adhesion protein-1, NLRP3, caspase-1, and C-reactive protein, and by the reduction of
reactive oxygen species (ROS) generation in human umbilical vein endothelial cells [92].
Moreover, caffeic acid mitigates hyperglycemia-induced endothelial dysfunction by sup-
pressing nuclear factor kappa B (NF-«B) nuclear translocation, reducing the expression
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of endothelial adhesion molecules, and enhancing antioxidant defenses via nuclear factor
erythroid 2-related factor (Nrf)-2/electrophile-responsive element activation [93]. It also
alleviates glycated low-density lipoprotein (LDL)-induced endothelial inflammation by
inhibiting AGE receptor expression, reducing oxidative and endoplasmic reticulum stress,
and decreasing inflammatory mediator secretion [94]. Consistent with these effects, caffeic
acid counteracted hyperglycemia-induced endothelial apoptosis by preserving barrier
integrity, suppressing NF-«kB signaling, downregulating caspases, and enhancing Bcl-2
phosphorylation [95].

Collectively, in vitro studies suggest the potential of caffeic acid to improve insulin
signaling, inhibit carbohydrate-digesting enzymes, enhance insulin secretion, promote
glucose uptake, and reduce oxidative stress. In vivo findings further highlight that caffeic
acid confers metabolic and vascular protection against T2DM through a multi-targeted
approach involving the modulation of glucose metabolism, oxidative stress, inflammation,
and glycation-related damage. Together, these in vitro and in vivo studies support its
therapeutic promise in managing hyperglycemia and insulin resistance. Figure 4 provides
an overview of the key regulatory pathways modulated by caffeic acid in the liver and
peripheral tissue, based on previously reported findings.
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Figure 4. Potential pathways of caffeic acid in regulating glucose homeostasis in the liver and skeletal
muscle. Red arrows indicate direction: 1 increase, | decrease. AMPK, adenosine monophosphate-
activated protein kinase; GLUT, glucose transporter; GSK3, glycogen synthase kinase 33; IRS, insulin
receptor substrate; P, phospho; PI3K, phosphatidylinositol 3-kinase.

3.3. Potential Role of Ferulic Acid in T2DM

Coffee is one of the dietary sources of ferulic acid. Studies have reported that
100 g of coffee contains approximately 9.1 to 14.3 mg of ferulic acid, as determined by
HPLC [44,48,49]. Given that a standard cup of coffee is brewed using approximately 10 g
of beans, this translates to an estimated 2.3 to 12 mg of ferulic acid per cup. Ferulic acid has
a relatively longer plasma presence and higher bioavailability than other dietary flavonoids
and monophenols [96]. After absorption, approximately 56.1% of ferulic acid enters en-
terocytes, where it is rapidly conjugated, and the resulting conjugates are subsequently
transported to the serosal side. Approximately 6% is excreted in bile, whereas the majority
(~49.9%) reaches peripheral tissues, where it is believed to exert biological effects [97]. Cof-
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fee consumption has been shown to increase plasma ferulic acid concentrations owing to
the gastrointestinal metabolism of chlorogenic acid, highlighting ferulic acid as a bioavail-
able dietary compound with potential metabolic benefits [98]. Given these properties,
ferulic acid has attracted considerable interest as a potential agent for the prevention and
management of T2DM and its complications, including diabetic retinopathy, nephropathy,
neuropathy, and cardiomyopathy [99-101].

3.3.1. In Vitro Studies

Various in vitro studies have elucidated multiple mechanisms by which ferulic acid
may exert anti-diabetic effects. Notably, it stimulates insulin secretion in pancreatic (3-
cells. Ruamyod et al. [102] reported increased insulin release in rat insulinoma cells
via the activation of L-type Ca?* channels. Similarly, Nomura et al. [103] found that
amide derivatives of ferulic acid promoted insulin secretion in rat pancreatic 3-cells. In
addition to its pancreatic effects, ferulic acid has been shown to enhance glucose uptake
and insulin signaling in peripheral tissues. A zinc (II)—ferulic acid complex strengthens
these effects by increasing glucose uptake, hexokinase activity, and phospho-AKT levels in
muscle cells [104]. Moreover, ferulic acid derived from Hibiscus mutabilis mitigates fatty
acid-induced insulin resistance by restoring insulin receptor expression, possibly via the
upregulation of insulin receptor substrate-1 (IRS)-1 [105,106]. Ferulic acid has also been
reported to inhibit carbohydrate-digesting enzymes such as x-glucosidase and «-amylase,
thereby contributing to improved postprandial glycemic control [107].

Along with its metabolic actions, ferulic acid exhibits notable cytoprotective prop-
erties and metabolic actions. It attenuates oxidative stress-induced cellular damage, as
evidenced by a reduction in malondialdehyde levels and the restoration of glutathione
levels in isolated pancreatic tissues [90]. In human ARPE-19 cells, ferulic acid reduces
glucose-induced apoptosis, suggesting its role in preventing diabetic retinopathy [108].
Furthermore, in human erythrocytes exposed to high glucose levels, ferulic acid reduces
lipid peroxidation, prevents phosphatidylserine externalization, and inhibits glycated
hemoglobin formation [109].

3.3.2. Animal Studies

In vivo studies further support the anti-diabetic potential of ferulic acid. In sev-
eral diabetic animal models, ferulic acid ameliorated oxidative stress markers, en-
hanced antioxidant enzyme activities, and preserved pancreatic and vascular tissue in-
tegrity [100,101,110,111]. These protective effects were mediated through the suppres-
sion of ROS generation, inhibition of aldose reductase activity, and modulation of key
signaling pathways including PI3K/AKT, NF-«B, p38 MAPK, and TGF-f3/Smad [110].
Anti-inflammatory, anti-fibrotic, and endothelial-protective actions have also been reported.
For example, ferulic acid administration (150-300 mg/kg/day) in rats with fructose /STZ-
induced diabetes significantly reduced blood glucose levels, increased serum insulin con-
centrations, enhanced antioxidant defenses (e.g., glutathione, superoxide dismutase (SOD),
and catalase), and preserved pancreatic morphology and (3-cell ultrastructure, as evidenced
by histological and transmission electron microscopy analyses [111]. Similar protective
effects have also been observed in rats with STZ-induced diabetes, in which ferulic acid
reduced blood glucose, thiobarbituric acid-reactive substances, hydroperoxides, and free
fatty acid levels, while enhancing antioxidant enzyme activities and preserving pancreatic
islet architecture [111].

Ferulic acid consistently improved glycemic control and insulin sensitivity in multiple
models of T2DM, including KK-Ay mice, db/db mice, and HFD/STZ-induced insulin-
resistant animals [112-115]. In db/db mice, ferulic acid (50 mg/kg for 17 days) improved
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hyperglycemia by increasing hepatic glucokinase activity and glycogen storage [114].
Ferulic acid (50 mg/kg for 30 days) also regulated hepatic glucose metabolism in rats
with HFD- and fructose diet-induced T2DM [116]. Accordingly, it enhanced glycogen
synthesis and suppressed gluconeogenesis, as indicated by increased hepatic glycogen
content, upregulated glucokinase and glycogen synthase activities, and reduced PEPCK
and Gé6Pase expression through the inhibition of FOXO1 promoter binding, with effects
comparable to those of metformin. The same research group also demonstrated that fer-
ulic acid reduced GLUT?2 expression by modulating transcription factors such as sterol
regulatory element-binding protein 1c (SREBP1c), hepatocyte nuclear factor (HNF)1«, and
HNF3p [117]. Specifically, ferulic acid was shown to downregulate the expression of HNF1«
and HNF3p, both of which are positive regulators of GLUT2 gene transcription, and to
suppress SREBP1c activity, thereby attenuating the transcriptional activation of GLUT?2.
This coordinated regulation likely contributes to the reduction in hepatic glucose output
under diabetic conditions. In rats treated with HFD and low-dose STZ, long-term admin-
istration of ferulic acid (60 mg/kg for 16 weeks) reduced circulating glucose, lipids, and
tissue damage markers (alanine transaminase, aspartate transaminase, creatine kinase, and
lactate dehydrogenase), while attenuating hepatic and cardiac apoptosis and upregulating
antioxidant genes such as heme oxygenase-1 and glutathione S-transferase [115].

In addition to its effects as a single agent, ferulic acid has been studied as a multi-
component phytochemical formulation. In a rat model of low-dose STZ/HFD-induced
diabetes, a mixture of gymnemic acid, trigonelline, and ferulic acid significantly improved
glucose homeostasis, suppressed oxidative stress and inflammation, and preserved pancre-
atic histology, suggesting possible synergistic effects [118]. Furthermore, feruloylated
oligosaccharides derived from maize bran showed greater anti-diabetic efficacy than
free ferulic acid in rats with low-dose STZ/HFD-induced diabetes [119]. At a dose of
600 mg/kg/day, these oligosaccharides significantly reduced the levels of fasting glucose,
insulin, triglycerides, LDL cholesterol, and tissue injury markers (aspartate transaminase,
creatine kinase, and lactate dehydrogenase), while increasing HDL cholesterol levels and
inhibiting AGE formation in multiple organs.

A maternal supplementation study using HFD- and fructose diet-fed rats reported
that ferulic acid (50 mg/kg/day) prevented hyperglycemia, pancreatic islet inflammation,
and developmental retardations in offspring [120]. Its protective role in pancreatic islet
inflammation was accompanied by reduced NF-kB activation. These findings suggest
that ferulic acid administration in mothers with T2DM provides beneficial effects on the
offspring, likely through its direct protective action on pancreatic 3-cells.

In addition to its antioxidant, anti-inflammatory, and 3-cell-protective effects, emerg-
ing evidence suggests that ferulic acid may exert anti-diabetic effects by modulating the
gut microbiome. In rats with low-dose STZ/HFD-induced diabetes, ferulic acid altered
the gut microbial composition by increasing beneficial genera, such as Bacteroides, Blautia,
Faecalibacterium, and Parabacteroides, while decreasing potentially harmful taxa [121]. It
also increased the production of short- and branched-chain fatty acids which are microbial
metabolites known to influence host glucose metabolism. These findings highlight gut mi-
crobiota modulation as an additional mechanism contributing to the therapeutic potential
of ferulic acid.

In combination therapy, ferulic acid combined with metformin has been reported to
exert synergistic effects in both in vitro and in vivo models [122]. Combination therapy
improves glucose uptake and glycemic control more effectively than either agent alone,
allowing for a four-fold reduction in the required metformin dose without compromising
therapeutic efficacy. This synergy is attributed to the complementary activation of the PI3K
pathway by ferulic acid and the AMPK pathway by metformin, both of which converge
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to regulate glucose uptake. Importantly, ferulic acid has no adverse effects, even at high
doses or in combination, and co-administration is associated with an increased number of
pancreatic islets [123].

3.3.3. Human Studies

Supporting its in vivo antioxidant effects, a clinical trial has shown that ferulic acid-
rich coffee increases plasma antioxidant capacity. Following coffee intake, elevated plasma
levels of ferulic acid have been correlated with an improved antioxidant status in hu-
mans [124]. However, a randomized dietary intervention study in obese individuals
reported that ferulic acid-enriched cereal products improved oxidative stress markers, but
did not significantly affect fasting or postprandial glucose, lipid profiles, or inflammatory
markers [125]. These findings reveal a discrepancy between the promising preclinical
outcomes and the relatively modest effects observed in clinical trials.

Therefore, further clinical research should be conducted to clarify the therapeutic
potential of ferulic acid for glycemic control. In particular, well-designed RCTs should be
performed in the future to determine optimal dosing, treatment duration, and formulation
strategies for enhancing bioavailability. Identifying patient subgroups that may benefit the
most from ferulic acid and evaluating its use in combination with existing anti-diabetic
agents may yield more clinically meaningful outcomes. A comprehensive assessment of
insulin sensitivity, 3-cell function, glycemic variability, and conventional metabolic param-
eters is essential to fully establish the clinical relevance of ferulic acid in the management
of T2DM.

Collectively, in vitro studies demonstrate that ferulic acid enhances insulin secretion,
improves glucose uptake and insulin signaling, inhibits carbohydrate-digesting enzymes,
and exerts cytoprotective and antioxidant effects. In vivo evidence further supports its
potential to ameliorate hyperglycemia and insulin resistance by reducing oxidative stress,
inflammation, and tissue damage, preserving pancreatic and vascular integrity, and mod-
ulating key metabolic signaling pathways. Additionally, the ability of ferulic acid to
favorably alter gut microbiota and act synergistically with metformin highlights its mul-
tifaceted therapeutic potential. Clinical studies have confirmed its antioxidant benefits
but revealed inconsistent effects on glycemic control, underscoring the need for further
well-designed trials to optimize dosing, formulations, and target populations. Figure 5
provides an overview of the key regulatory pathways modulated by ferulic acid in liver
and peripheral tissues, based on previously reported findings.

3.4. Potential Role of p-Coumaric Acid in T2DM

p-Coumaric acid is a naturally occurring hydroxycinnamic acid found in fruits, veg-
etables, cereals, and coffee. Green coffee beans contain various p-coumaric-acid-containing
chlorogenic acids, and p-coumaric acid has been detected in brewed coffee [126]. The
concentration of p-coumaric acid in a typical cup of brewed coffee (~200 mL) has been
reported to be around 5 mg, as quantified by HPLC [50], although the concentration can
vary depending on factors such as the coffee species, bean processing, and brewing meth-
ods [126]. p-Coumaric acid is structurally related to ferulic acid and has several biological
activities, including antioxidant, anti-inflammatory, and metabolic regulatory effects. Be-
cause of these properties, p-coumaric acid has garnered increasing attention for its potential
therapeutic role in the prevention and management of T2DM.
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Figure 5. Potential pathways of ferulic acid in regulating glucose homeostasis in the liver and
peripheral tissues. Red arrows indicate direction: 1 increase, | decrease. FOXO, forkhead box
protein O; G6Pase, glucose-6-phosphatase; IRS, insulin receptor substrate; P, phospho; PEPCK,
phosphoenolpyruvate carboxykinase; PI3K, phosphatidylinositol 3-kinase.

3.4.1. In Vitro Studies

In vitro studies have provided mechanistic insights into the anti-diabetic actions of p-
coumaric acid. Previous studies reported that p-coumaric acid inhibited x-amylase activity
in vitro [127] and exhibited appreciable binding affinity toward x-amylase, as confirmed by
fluorescence quenching and thermodynamic analyses [128]. Consistent with these findings,
a recent study demonstrated that p-coumaric acid exhibited x-amylase and x-glucosidase
inhibitory activities comparable to those of acarbose, suggesting its potential to attenuate
postprandial hyperglycemia via digestive enzyme inhibition [83]. Furthermore, p-coumaric
acid has been shown to inhibit AGE formation to a lesser extent than caffeic acid, likely
because of its lower hydroxyl content. These findings highlight the multi-targeted anti-
diabetic potential of p-coumaric acid via both digestive enzyme inhibition and antiglycation
pathways. Inhibiting AGE formation is particularly important, because AGEs contribute
to the pathogenesis of diabetic complications such as nephropathy and retinopathy [129].
Moreover, p-coumaric acid has been shown to activate AMPK in various cells (skeletal
muscle cells, adipocytes, and hepatocytes), which enhances lipid oxidation and improves
insulin signaling [130-132].

3.4.2. In Vivo Studies

p-Coumaric acid exerts anti-diabetic effects, partly through its antioxidant capacity
which aids in mitigating oxidative stress, a central contributor to pancreatic 3-cell dys-
function and insulin resistance [133]. While the direct evidence regarding (3-cell protection
is limited, p-coumaric acid (100 mg/kg body weight) administration has been demon-
strated by animal studies to lower blood glucose levels, increase circulating insulin levels,
and restore the level of glutathione, a key non-enzymatic antioxidant, in rats with STZ-
induced diabetes [134]. Furthermore, histopathological findings indicate that p-coumaric
acid (100 mg/kg body weight) protects the pancreas, liver, and kidneys and helps in main-
taining both enzymatic and non-enzymatic antioxidant activity, supporting its potential
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role in preserving tissue integrity and alleviating oxidative damage under diabetic condi-
tions [135]. One previous report revealed that, at a dose of 20 mg/kg body weight, it also
reduced oxidative stress, upregulated antioxidant enzyme activity, and improved kidney
function biomarkers in rats with HFD-induced diabetes, suggesting a renoprotective effect
against diabetic nephropathy [136].

In addition to its antioxidant and tissue-protective effects, p-coumaric acid (0.02%,
w/w) may act through metabolic regulatory pathways that contribute to its anti-diabetic
effects. For example, it has been shown to suppress hepatic gluconeogenesis by inhibit-
ing key enzymes such as G6Pase and PEPCK, thereby reducing blood glucose levels in
high-fructose-diet-fed hamsters [137]. At a dietary concentration of 0.002% (w/w), it also
improved glucose homeostasis and insulin sensitivity in HFD-fed mice [138].

Moreover, recent evidence suggests that p-coumaric acid exerts multi-organ protective
effects in mice with HFD/STZ-induced T2DM by enhancing intestinal nutrient absorption,
preserving intestinal barrier function, and activating hepatic IRS-1/PI3K/AKT signaling,
thereby further improving systemic glucose metabolism [139]. Additionally, at a dose
of 200 mg/kg body weight, it modulates hypothalamic leptin signaling and promotes
whole-body glucose homeostasis in both cellular and animal models, potentially through
the differential regulation of the AMPK pathway [140].

In addition to diet-induced models of insulin resistance, p-coumaric acid (2 mg/mL in
drinking water) shows anti-diabetic efficacy in db/db mice, a widely used genetic model of
T2DM [141]. In this model, p-coumaric acid improved fasting blood glucose levels, glucose
tolerance, and insulin sensitivity. Although the primary focus of this study was to enhance
thermogenesis via the mTORC1-RPS6 signaling pathway in brown adipose tissue, the
results also revealed a significant increase in the oxidation of both fatty acids and glucose.
This enhanced uptake and glucose utilization in brown adipose tissue was associated
with the increased expression of glucose transporters (GLUT1, GLUT3, and GLUT4) and
the glycolytic enzyme pyruvate kinase-R, suggesting a direct role of p-coumaric acid in
promoting glucose clearance and improving systemic glucose homeostasis.

Consistent with these findings, another in vivo study using a rat model of nicotinamide-
and STZ-induced T2DM demonstrated that oral p-coumaric acid administration (40 mg/kg
body weight) significantly improved glycemic control, enhanced insulin secretion, and in-
creased body weight while reducing glucose and HbAlc levels [142]. Moreover, p-coumaric
acid modulated key adipocytokines by decreasing TNF-« levels, increasing adiponectin se-
cretion, and upregulating PPAR-y mRNA expression, which contributed to improvements
in lipid profiles, cardiovascular risk indices, and anti-atherogenic status. These results
further support the notion that p-coumaric acid exerts its anti-diabetic effects not only
through antioxidant and metabolic pathways but also via direct modulation of adipose
tissue function and insulin sensitization mechanisms.

These in vitro and in vivo studies suggest that p-coumaric acid may exert anti-diabetic
effects through multiple mechanisms, including the inhibition of digestive enzymes, an-
tioxidant activity, and modulation of metabolic signaling pathways and adipocytokine
secretion. Figure 6 provides an overview of the key regulatory pathways modulated by p-
coumaric acid in the liver, hypothalamus and adipose tissue, based on previously reported
findings. Despite these promising preclinical findings, human studies directly evaluating
the anti-diabetic efficacy of p-coumaric acid remain limited. Given its natural occurrence in
commonly consumed foods such as coffee and whole grains, along with its demonstrated
safety profile in animal models, p-coumaric acid is a promising candidate for future clinical
research. Well-designed human trials are warranted to assess its bioavailability, optimal
dosage, and therapeutic efficacy when administered either independently or alongside
currently available anti-diabetic treatments.
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Figure 6. Potential pathways of p-coumaric acid in regulating glucose homeostasis in the liver,
hypothalamus and adipose tissue. Red arrows indicate direction: 1 increase, | decrease. AMPK,
adenosine monophosphate-activated protein kinase; GLUT, glucose transporter; G6Pase, glucose-6-
phosphatase; IRS, insulin receptor substrate; P, phospho; PEPCK, phosphoenolpyruvate carboxyki-
nase; PI3K, phosphatidylino-sitol 3-kinase.

3.5. Potential Role of Sinapic Acid in T2DM

Sinapic acid, a hydroxycinnamic acid present in coffee beans, has variable concen-
trations depending on the coffee species, processing, and brewing conditions [143]. As
estimated by Manach et al. [51], coffee beverages contain approximately 350-1750 mg
of sinapic acid per liter, corresponding to an intake of 70-350 mg per standard serving.
A study by Somporn et al. [52], based on HPLC analysis, reported that the sinapic acid
content of Arabica coffee beans slightly increased following light roasting (10.89 mg/100 g)
compared to green beans (10.34 mg/100 g), but declined substantially with higher roasting
levels, reaching 2.88 mg/100 g and 5.27 mg/100 g in medium and dark roasts, respectively.
These findings suggest that sinapic acid levels may initially increase during light roasting,
but substantially decline under higher thermal conditions due to degradation.

Both in vitro and in vivo studies have identified multiple mechanisms by which
sinapic acid may exert anti-diabetic effects. One such mechanism involves the enhancement
of glucose uptake. Sinapic acid has been shown to increase insulin-independent glucose
uptake in the soleus muscle isolated from rats with STZ-induced diabetes, as well as in L6
skeletal muscle cells cultured under high-glucose conditions [144]. Another mechanism
involves modulation of glucose-regulating enzymes. In an HFD /low-dose STZ-induced
T2DM animal model, the oral administration of sinapic acid (25 mg/kg/day for 30 days)
significantly improved glycemic control, as indicated by reductions in fasting blood glucose
and glycosylated hemoglobin levels, along with increased plasma insulin levels [145]. It
restores the activity of key hepatic enzymes involved in glucose metabolism by upreg-
ulating glucokinase, pyruvate kinase, and glucose-6-phosphate dehydrogenase, while
downregulating G6Pase and fructose-1,6-bisphosphatase. Collectively, these enzymatic
changes contribute to improved glucose homeostasis. Another study using a rat model
of HFD/low-dose STZ-induced diabetes further confirmed the anti-diabetic potential of
sinapic acid [146]. Oral administration of sinapic acid (25 mg/kg/day for 30 days) restored
hepatic glycogen levels and normalized glycogen synthase and glycogen phosphorylase
activities, further supporting its role in hepatic glucose storage and utilization.
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In addition to its beneficial effects on glucose metabolism, sinapic acid exerts pro-
tective effects against oxidative stress, which is a critical factor contributing to diabetic
complications, such as cardiovascular disease. Zych et al. [147] demonstrated that the
oral administration of sinapic acid (25 mg/kg/day for 28 days) significantly ameliorated
hyperglycemia and oxidative stress in the cardiac tissue and serum of female rats with
HFD/STZ-induced T2DM, as indicated by enhanced activities of key antioxidant enzymes,
including SOD, catalase, and glutathione peroxidase. These findings suggest that sinapic
acid may mitigate cardiovascular complications by enhancing antioxidant defenses, thus
offering multifaceted therapeutic potential for diabetes management.

Further evidence supporting the therapeutic potential of sinapic acid in T2DM has been
derived from studies examining diabetic nephropathy, a common complication associated
with chronic hyperglycemia and insulin resistance. In an animal model of STZ-induced
diabetic nephropathy, administration of sinapic acid (20 and 40 mg/kg body weight)
improved renal function parameters, including reduced levels of blood urea nitrogen, serum
creatinine, and urinary protein excretion [148]. These beneficial effects were associated
with attenuation of oxidative stress and inflammation, as demonstrated by increased
expression of the antioxidant defense proteins Nrf-2, heme oxygenase-1, and anti-apoptotic
Bcl-2, coupled with reduced expression of pro-inflammatory NF-«B, TNF-«, IL-6, and
pro-apoptotic Bax. Therefore, sinapic acid is a potential adjunctive therapeutic agent for
the management of T2DM and its associated complications.

Together, these in vitro and in vivo studies demonstrate the multifaceted anti-diabetic
mechanisms of sinapic acid. It enhances glucose uptake through insulin-independent
pathways and modulates key hepatic enzymes involved in glucose metabolism. Addition-
ally, it restores hepatic glycogen levels and regulates enzymes associated with glycogen
storage and utilization. Sinapic acid also exerts protective effects against oxidative stress by
enhancing the activity of endogenous antioxidant enzymes. Its nephroprotective effects
are supported by improvements in renal function markers and modulation of oxidative
stress and pro-inflammatory signaling pathways. Figure 7 provides an overview of the
key regulatory pathways modulated by sinapic acid in the liver, based on previously
reported findings.

O
H3CO X
’ OH
HO
OCHs
Sinapic acid
Liver
Glucokinase
Pyruvate kinase Gé6Pase l

Glucose-6-phosphate dehydrogenase Fructose-1,6-Bisphosphatase

l |

Glucose oxidation t Gluconeogenesis 1

Improved glucose homeostasis

Figure 7. Potential pathways of sinapic acid in regulating glucose homeostasis in the liver. Red
arrows indicate direction: 1 increase, | decrease. G6Pase, glucose-6-phosphatase.
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Despite these promising preclinical findings, careful consideration of the potential
drug interactions is necessary. A recent pharmacokinetic study reported that sinapic acid
co-administration significantly altered the pharmacokinetics of ertugliflozin, an SGLT2
inhibitor, by inhibiting cytochrome P450 enzymes, thereby increasing ertugliflozin expo-
sure [149]. Thus, dose adjustments of the co-administered drugs may be necessary to avoid
adverse effects.

4. Limitations and Future Directions

While substantial preclinical evidence supports the anti-diabetic potential of chloro-
genic acid and its related hydroxycinnamic acids, several limitations must be acknowledged.
Most available studies have been conducted in vitro or using animal models, which may
not fully replicate the complex pathophysiology of human T2DM. The variability in ex-
perimental models, dosages, treatment durations, and compound formulations further
complicates the interpretation and generalization of the findings. Nevertheless, these
preclinical studies provide critical insights into underlying mechanisms and serve as an es-
sential foundation for guiding future clinical research. Therefore, based on these preclinical
findings, well-designed clinical trials are necessary to confirm their efficacy and safety in
humans. Addressing these gaps will help clarify their roles as functional food components
or adjunctive therapies in the management of T2DM.

Moreover, the bioavailability of these phenolic compounds is relatively low and subject
to significant inter-individual variability, largely influenced by the gut microbiota compo-
sition, enzymatic metabolism, and dietary context. Potential interactions with standard
anti-diabetic medications, as observed with sinapic acid and ertugliflozin, raise additional
concerns that require careful pharmacokinetic and pharmacodynamic evaluations.

Future clinical investigations should focus on well-designed RCTs to establish the
efficacy, optimal dosing, and long-term safety profiles of these compounds in diverse pa-
tient populations. Moreover, advanced molecular approaches, such as transcriptomic and
proteomic analyses, are warranted to elucidate their specific molecular targets, signaling
pathways, and gene expression profiles. These studies could provide a deeper mechanistic
understanding of their anti-diabetic actions and help identify biomarkers predictive of
response. In addition, studies exploring advanced delivery systems to enhance bioavail-
ability, the synergistic effects with existing anti-diabetic therapies, and the identification of
patient subgroups most likely to benefit are critical for translating these promising findings
into clinical practice.

5. Conclusions

Coffee and its bioactive compounds, including chlorogenic acid and its hydroxycin-
namic acid derivatives (namely caffeic, ferulic, p-coumaric, and sinapic acids) have sig-
nificant potential in the prevention and management of T2DM. Preclinical studies have
consistently demonstrated their beneficial effects of these compounds on glucose homeosta-
sis, insulin resistance, oxidative stress, and inflammation, underscoring their therapeutic
potential. Nevertheless, while epidemiological and mechanistic evidence suggests a protec-
tive association between coffee consumption and a reduced risk of T2DM, further clinical
research is necessary to validate these findings in humans. Well-designed RCTs are needed
to establish optimal dosing strategies, assess long-term safety, and clarify the bioavail-
ability issues associated with these compounds. In addition, personalized approaches
that consider genetic variability, gut microbiome composition, and individual metabolic
responses may optimize the therapeutic application of coffee-derived polyphenols. Future
research should continue to elucidate the multifaceted mechanisms by which chlorogenic
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acid and its hydroxycinnamic acid derivatives regulate metabolic health and explore their
integration into comprehensive strategies for the prevention and management of T2DM.
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STZ Streptozotocin

TNF-« Tumor necrosis factor-o

T2DM Type 2 diabetes mellitus

References

1.  World Health Organization. Diabetes. Available online: https:/ /www.who.int/news-room/fact-sheets/detail /diabetes (accessed
on 7 May 2025).

2. International Diabetes Federation. IDF Diabetes Atlas, 10th ed.; International Diabetes Federation: Brussels, Belgium, 2021.
Available online: https://diabetesatlas.org/atlas/tenth-edition/ (accessed on 7 May 2025).

3.  Galicia-Garcia, U.; Benito-Vicente, A.; Jebari, S.; Larrea-Sebal, A.; Siddiqi, H.; Uribe, K.B.; Ostolaza, H.; Martin, C. Pathophysiology
of Type 2 Diabetes Mellitus. Int. . Mol. Sci. 2020, 21, 6275. [CrossRef] [PubMed]

4. Yeh, YK, Yen, ES.; Hwu, C.M. Diet and exercise are a fundamental part of comprehensive care for type 2 diabetes. ]. Diabetes

Investig. 2023, 14, 936-939. [CrossRef] [PubMed]


https://www.who.int/news-room/fact-sheets/detail/diabetes
https://diabetesatlas.org/atlas/tenth-edition/
https://doi.org/10.3390/ijms21176275
https://www.ncbi.nlm.nih.gov/pubmed/32872570
https://doi.org/10.1111/jdi.14043
https://www.ncbi.nlm.nih.gov/pubmed/37337794

Int. J. Mol. Sci. 2025, 26, 5544 23 of 29

10.
11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.
22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Davies, M.].; Aroda, V.R.; Collins, B.S.; Gabbay, R.A.; Green, J.; Maruthur, N.M.; Rosas, S.E.; Del Prato, S.; Mathieu, C.; Mingrone,
G.; et al. Management of Hyperglycemia in Type 2 Diabetes, 2022. A Consensus Report by the American Diabetes Association
(ADA) and the European Association for the Study of Diabetes (EASD). Diabetes Care 2022, 45, 2753-2786. [CrossRef] [PubMed]
Tamel Selvan, K.; Goon, J.A.; Makpol, S.; Tan, ]J.K. Effects of microalgae on metabolic syndrome. Antioxidants 2023, 12, 449.
[CrossRef]

Sénchez-Estrada, M.L.; Aguirre-Becerra, H.; Feregrino-Pérez, A.A. Bioactive compounds and biological activity in edible insects:
A review. Heliyon 2024, 10, €24045. [CrossRef]

Rahman, M.M.; Dhar, PS.; Anika, F; Ahmed, L.; Islam, M.R.; Sultana, N.A.; Cavalu, S.; Pop, O.; Rauf, A. Exploring the
plant-derived bioactive substances as antidiabetic agent: An extensive review. Biomed. Pharmacother. 2022, 152, 113217. [CrossRef]
Lavecchia, T.; Rea, G.; Antonacci, A.; Giardi, M.T. Healthy and adverse effects of plant-derived functional metabolites: The need
of revealing their content and bioactivity in a complex food matrix. Crit. Rev. Food Sci. Nutr. 2013, 53, 198-213. [CrossRef]
Garcfa-Conesa, M.; Larrosa, M. Polyphenol-rich foods for human health and disease. Nutrients 2020, 12, 400. [CrossRef]

Micek, A.; Jurek, J.; Owczarek, M.; Guerrera, I.; Torrisi, S.A.; Castellano, S.; Grosso, G.; Alshatwi, A.A.; Godos, ]. Polyphenol-rich
beverages and mental health outcomes. Antioxidants 2023, 12, 272. [CrossRef]

Kolb, H.; Martin, S.; Kempf, K. Coffee and Lower Risk of Type 2 Diabetes: Arguments for a Causal Relationship. Nutrients 2021,
13, 1144. [CrossRef]

Mohamed, A.L; Erukainure, O.L.; Salau, V.E; Islam, M.S. Impact of coffee and its bioactive compounds on the risks of type 2
diabetes and its complications: A comprehensive review. Diabetes Metab. Syndr. 2024, 18, 103075. [CrossRef] [PubMed]
International Coffee Organization. Coffee Report and Outlook April. 2023. Available online: https://icocoffee.org/documents/
cy2023-24/Coffee_Report_and_Outlook_December_2023_ICO.pdf (accessed on 7 May 2025).

Huxley, R.; Lee, C.M.; Barzi, F.; Timmermeister, L.; Czernichow, S.; Perkovic, V.; Grobbee, D.E.; Batty, D.; Woodward, M. Coffee,
decaffeinated coffee, and tea consumption in relation to incident type 2 diabetes mellitus: A systematic review with meta-analysis.
Arch. Intern. Med. 2009, 169, 2053-2063. [CrossRef] [PubMed]

Bhupathiraju, S.N.; Pan, A.; Manson, J.E.; Willett, W.C.; van Dam, R M.; Hu, EB. Changes in coffee intake and subsequent risk of
type 2 diabetes: Three large cohorts of US men and women. Diabetologia 2014, 57, 1346-1354. [CrossRef]

Iso, H.; Date, C.; Wakai, K.; Fukui, M.; Tamakoshi, A. The relationship between green tea and total caffeine intake and risk for
self-reported type 2 diabetes among Japanese adults. Ann. Intern. Med. 2006, 144, 554-562. [CrossRef] [PubMed]

Muley, A.; Muley, P.; Shah, M. Coffee to reduce risk of type 2 diabetes?: A systematic review. Curr. Diabetes Rev. 2012, 8, 162-168.
[CrossRef]

Ding, M.; Bhupathiraju, S.N.; Chen, M.; van Dam, R.M.; Hu, EB. Caffeinated and decaffeinated coffee consumption and risk of
type 2 diabetes: A systematic review and a dose-response meta-analysis. Diabetes Care 2014, 37, 569-586. [CrossRef]

Jiang, X.; Zhang, D.; Jiang, W. Coffee and caffeine intake and incidence of type 2 diabetes mellitus: A meta-analysis of prospective
studies. Eur. J. Nutr. 2014, 53, 25-38. [CrossRef]

Wachamo, H. Review on health benefit and risk of coffee consumption. Med. Aromat. Plants 2017, 6, 301. [CrossRef]

Greer, F; Hudson, R.; Ross, R.; Graham, T. Caffeine ingestion decreases glucose disposal during a hyperinsulinemic-euglycemic
clamp in sedentary humans. Diabetes 2001, 50, 2349-2354. [CrossRef]

Keijzers, G.B.; De Galan, B.E.; Tack, C.J.; Smits, P. Caffeine can decrease insulin sensitivity in humans. Diabetes Care 2002,
25, 364-369. [CrossRef]

Cheraskin, E.; Ringsdorf, WM., Jr.; Setyaadmadja, A.T.; Barrett, R.A. Effect of caffeine versus placebo supplementation on
blood-glucose concentration. Lancet 1967, 1, 1299-1300. [CrossRef] [PubMed]

Lane, ].D.; Barkauskas, C.E.; Surwit, R.S.; Feinglos, M.N. Caffeine impairs glucose metabolism in type 2 diabetes. Diabetes Care
2004, 27,2047-2048. [CrossRef] [PubMed]

van Dam, R.M.; Pasman, W.].; Verhoef, P. Effects of coffee consumption on fasting blood glucose and insulin concentrations:
Randomized controlled trials in healthy volunteers. Diabetes Care 2004, 27, 2990-2992. [CrossRef]

Wedick, N.M.; Brennan, A.M.; Sun, Q.; Hu, F.B.; Mantzoros, C.S.; van Dam, R.M. Effects of caffeinated and decaffeinated coffee on
biological risk factors for type 2 diabetes: A randomized controlled trial. Nutr. J. 2011, 10, 93. [CrossRef]

Li, S.; Shin, H.J.; Ding, E.L.; van Dam, R.M. Adiponectin levels and risk of type 2 diabetes: A systematic review and meta-analysis.
JAMA 2009, 302, 179-188. [CrossRef] [PubMed]

Mathews, S.T.; Chellam, N.; Srinivas, P.R.; Cintron, V.J.; Leon, M.A.; Goustin, A.S.; Grunberger, G. Alpha2-HSG, a specific inhibitor
of insulin receptor autophosphorylation, interacts with the insulin receptor. Mol. Cell Endocrinol. 2000, 164, 87-98. [CrossRef]
Kempf, K.; Herder, C.; Erlund, I.; Kolb, H.; Martin, S.; Carstensen, M.; Koenig, W.; Sundvall, J.; Bidel, S.; Kuha, S.; et al. Effects of
coffee consumption on subclinical inflammation and other risk factors for type 2 diabetes: A clinical trial. Am. J. Clin. Nutr. 2010,
91, 950-957. [CrossRef]

Thom, E. The effect of chlorogenic acid enriched coffee on glucose absorption in healthy volunteers and its effect on body mass
when used long-term in overweight and obese people. J. Int. Med. Res. 2007, 35, 900-908. [CrossRef]


https://doi.org/10.2337/dci22-0034
https://www.ncbi.nlm.nih.gov/pubmed/36148880
https://doi.org/10.3390/antiox12020449
https://doi.org/10.1016/j.heliyon.2024.e24045
https://doi.org/10.1016/j.biopha.2022.113217
https://doi.org/10.1080/10408398.2010.520829
https://doi.org/10.3390/nu12020400
https://doi.org/10.3390/antiox12020272
https://doi.org/10.3390/nu13041144
https://doi.org/10.1016/j.dsx.2024.103075
https://www.ncbi.nlm.nih.gov/pubmed/39067326
https://icocoffee.org/documents/cy2023-24/Coffee_Report_and_Outlook_December_2023_ICO.pdf
https://icocoffee.org/documents/cy2023-24/Coffee_Report_and_Outlook_December_2023_ICO.pdf
https://doi.org/10.1001/archinternmed.2009.439
https://www.ncbi.nlm.nih.gov/pubmed/20008687
https://doi.org/10.1007/s00125-014-3235-7
https://doi.org/10.7326/0003-4819-144-8-200604180-00005
https://www.ncbi.nlm.nih.gov/pubmed/16618952
https://doi.org/10.2174/157339912800564016
https://doi.org/10.2337/dc13-1203
https://doi.org/10.1007/s00394-013-0603-x
https://doi.org/10.4172/2155-9821.1000301
https://doi.org/10.2337/diabetes.50.10.2349
https://doi.org/10.2337/diacare.25.2.364
https://doi.org/10.1016/S0140-6736(67)91593-0
https://www.ncbi.nlm.nih.gov/pubmed/4165154
https://doi.org/10.2337/diacare.27.8.2047
https://www.ncbi.nlm.nih.gov/pubmed/15277438
https://doi.org/10.2337/diacare.27.12.2990
https://doi.org/10.1186/1475-2891-10-93
https://doi.org/10.1001/jama.2009.976
https://www.ncbi.nlm.nih.gov/pubmed/19584347
https://doi.org/10.1016/S0303-7207(00)00237-9
https://doi.org/10.3945/ajcn.2009.28548
https://doi.org/10.1177/147323000703500620

Int. J. Mol. Sci. 2025, 26, 5544 24 of 29

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Ohnaka, K.; Ikeda, M.; Maki, T.; Okada, T.; Shimazoe, T.; Adachi, M.; Nomura, M.; Takayanagi, R.; Kono, S. Effects of 16-week
consumption of caffeinated and decaffeinated instant coffee on glucose metabolism in a randomized controlled trial. J. Nutr.
Metab. 2012, 2012, 207426. [CrossRef]

Fernandez-Cardero, A.; Sierra-Cinos, J.L.; Bravo, L.; Sarria, B. Consumption of a Coffee Rich in Phenolic Compounds May
Improve the Body Composition of People with Overweight or Obesity: Preliminary Insights from a Randomized, Controlled and
Blind Crossover Study. Nutrients 2024, 16, 2848. [CrossRef]

Radosinska, D.; Jasenovec, T.; Golianova, A.; Szadvari, I.; Vazan, R.; Kovacicova, I.; Snurikova, D.; Vrbjar, N.; Radosinska, J.
Controlled coffee intake enhances erythrocyte deformability, Na,K-ATPase activity, and GSH/GSSG ratio in healthy young adults.
Biomedicines 2024, 12, 2570. [CrossRef] [PubMed]

Rustenbeck, I.; Lier-Glaubitz, V.; Willenborg, M.; Eggert, F; Engelhardt, U.; Jorns, A. Effect of chronic coffee consumption on
weight gain and glycaemia in a mouse model of obesity and type 2 diabetes. Nutr. Diabetes 2014, 4, e123. [CrossRef] [PubMed]
Frost-Meyer, N.J.; Logomarsino, J.V. Impact of coffee components on inflammatory markers: A review. J. Funct. Foods 2012,
4,819-830. [CrossRef]

Yamauchi, R.; Kobayashi, M.; Matsuda, Y.; Ojika, M.; Shigeoka, S.; Yamamoto, Y.; Tou, Y.; Inoue, T.; Katagiri, T.; Murai, A.; et al.
Coffee and caffeine ameliorate hyperglycemia, fatty liver, and inflammatory adipocytokine expression in spontaneously diabetic
KK-Ay mice. J. Agric. Food Chem. 2010, 58, 5597-5603. [CrossRef]

Martins, B.C.; Soares, A.C.; Martins, F.F,; Resende, A.C.; Inada, K.O.P.; Souza-Mello, V.; Nunes, N.M.; Daleprane, J.B. Coffee
consumption prevents obesity-related comorbidities and attenuates brown adipose tissue whitening in high-fat diet-fed mice.
J. Nutr. Biochem. 2023, 117, 109336. [CrossRef]

Gamboa-Gémez, C.I; Barragdn-Zadiga, L.J.; Guerrero-Romero, F.; Martinez-Aguilar, G.; Génzalez, J.L.; Valenzuela-Ramirez,
A.A,; Rojas-Contreras, J.A.; Anese, M.; Flores, M.C.; Alongi, M. Effects of coffee with different roasting degrees on obesity and
related metabolic disorders. . Funct. Foods 2023, 111, 105889. [CrossRef]

Lim, S.; Kim, ].W,; Targher, G. Links between metabolic syndrome and metabolic dysfunction-associated fatty liver disease. Trends
Endocrinol. Metab. 2021, 32, 500-514. [CrossRef]

Belayneh, A.; Molla, F. The Effect of Coffee on Pharmacokinetic Properties of Drugs: A Review. BioMed Res. Int. 2020,
2020, 7909703. [CrossRef]

Clifford, M.N.; Johnston, K.L.; Knight, S.; Kuhnert, N. Hierarchical scheme for LC-MSn identification of chlorogenic acids. J. Agric.
Food Chem. 2003, 51, 2900-2911. [CrossRef]

Zuo, ].; Tang, W.; Xu, Y. Chapter 68—Anti-Hepatitis B Virus Activity of Chlorogenic Acid and Its Related Compounds. In Coffee in
Health and Disease Prevention; Preedy, V.R., Ed.; Academic Press: San Diego, CA, USA, 2015; pp. 607-613.

Mattila, P.; Hellstrom, J.; Torronen, R. Phenolic acids in berries, fruits, and beverages. J. Agric. Food Chem. 2006, 54, 7193-7199.
[CrossRef]

Moeenfard, M.; Rocha, L.; Alves, A. Quantification of caffeoylquinic acids in coffee brews by HPLC-DAD. . Anal. Methods Chem.
2014, 2014, 965353. [CrossRef] [PubMed]

Lu, H;; Tian, Z.; Cui, Y,; Liu, Z.; Ma, X. Chlorogenic acid: A comprehensive review of the dietary sources, processing effects,
bioavailability, beneficial properties, mechanisms of action, and future directions. Compr. Rev. Food Sci. Food Saf. 2020,
19, 3130-3158. [CrossRef] [PubMed]

Mattila, P.; Kumpulainen, J. Determination of free and total phenolic acids in plant-derived foods by HPLC with diode-array
detection. J. Agric. Food Chem. 2002, 50, 3660-3667. [CrossRef]

Nardini, M.; Cirillo, E.; Natella, F.; Scaccini, C. Absorption of phenolic acids in humans after coffee consumption. J. Agric. Food
Chem. 2002, 50, 5735-5741. [CrossRef]

Zhao, Z.; Moghadasian, M.H. Chemistry, natural sources, dietary intake and pharmacokinetic properties of ferulic acid: A review.
Food Chem. 2008, 109, 691-702. [CrossRef] [PubMed]

Natella, F.; Nardini, M.; Belelli, F.; Scaccini, C. Coffee drinking induces incorporation of phenolic acids into LDL and increases the
resistance of LDL to ex vivo oxidation in humans. Am. J. Clin. Nutr. 2007, 86, 604—-609. [CrossRef]

Manach, C.; Scalbert, A.; Morand, C.; Rémésy, C.; Jiménez, L. Polyphenols: Food sources and bioavailability. Am. . Clin. Nutr.
2004, 79, 727-747. [CrossRef]

Somporn, C.; Kamtuo, A.; Theerakulpisut, P; Siriamornpun, S. Effects of roasting degree on radical scavenging activity, phenolics
and volatile compounds of Arabica coffee beans (Coffea arabica L. cv. Catimor). Int. ]. Food Sci. Technol. 2011, 46, 2287-2296.
[CrossRef]

Rojas-Gonzélez, A.; Figueroa-Herndndez, C.Y.; Gonzalez-Rios, O.; Sudrez-Quiroz, M.L.; Gonzélez-Amaro, R.M.; Herndndez-
Estrada, Z.].; Rayas-Duarte, P. Coffee Chlorogenic Acids Incorporation for Bioactivity Enhancement of Foods: A Review. Molecules
2022, 27, 3400. [CrossRef]

Jeszka-Skowron, M.; Sentkowska, A.; Pyrzyriska, K.; De Pena, M.P. Chlorogenic acids, caffeine content and antioxidant properties
of green coffee extracts: Influence of green coffee bean preparation. Eur. Food Res. Technol. 2016, 242, 1403-1409. [CrossRef]


https://doi.org/10.1155/2012/207426
https://doi.org/10.3390/nu16172848
https://doi.org/10.3390/biomedicines12112570
https://www.ncbi.nlm.nih.gov/pubmed/39595136
https://doi.org/10.1038/nutd.2014.19
https://www.ncbi.nlm.nih.gov/pubmed/24979152
https://doi.org/10.1016/j.jff.2012.05.010
https://doi.org/10.1021/jf904062c
https://doi.org/10.1016/j.jnutbio.2023.109336
https://doi.org/10.1016/j.jff.2023.105889
https://doi.org/10.1016/j.tem.2021.04.008
https://doi.org/10.1155/2020/7909703
https://doi.org/10.1021/jf026187q
https://doi.org/10.1021/jf0615247
https://doi.org/10.1155/2014/965353
https://www.ncbi.nlm.nih.gov/pubmed/25587489
https://doi.org/10.1111/1541-4337.12620
https://www.ncbi.nlm.nih.gov/pubmed/33337063
https://doi.org/10.1021/jf020028p
https://doi.org/10.1021/jf0257547
https://doi.org/10.1016/j.foodchem.2008.02.039
https://www.ncbi.nlm.nih.gov/pubmed/26049981
https://doi.org/10.1093/ajcn/86.3.604
https://doi.org/10.1093/ajcn/79.5.727
https://doi.org/10.1111/j.1365-2621.2011.02748.x
https://doi.org/10.3390/molecules27113400
https://doi.org/10.1007/s00217-016-2643-y

Int. J. Mol. Sci. 2025, 26, 5544 25 of 29

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Miao, M.; Xiang, L. Pharmacological action and potential targets of chlorogenic acid. Adv. Pharmacol. 2020, 87, 71-88. [CrossRef]
[PubMed]

Ong, KW.; Hsu, A.; Tan, B.K. Anti-diabetic and anti-lipidemic effects of chlorogenic acid are mediated by ampk activation.
Biochem. Pharmacol. 2013, 85, 1341-1351. [CrossRef]

Jin, S.; Chang, C.; Zhang, L.; Liu, Y.; Huang, X.; Chen, Z. Chlorogenic acid improves late diabetes through adiponectin receptor
signaling pathways in db/db mice. PLoS ONE 2015, 10, e0120842. [CrossRef] [PubMed]

Ma, Y.; Gao, M,; Liu, D. Chlorogenic acid improves high fat diet-induced hepatic steatosis and insulin resistance in mice. Pharm.
Res. 2015, 32, 1200-1209. [CrossRef]

Nyambe-Silavwe, H.; Williamson, G. Chlorogenic and phenolic acids are only very weak inhibitors of human salivary a-amylase
and rat intestinal maltase activities. Food Res. Int. 2018, 113, 452-455. [CrossRef] [PubMed]

Narita, Y.; Inouye, K. Kinetic analysis and mechanism on the inhibition of chlorogenic acid and its components against porcine
pancreas alpha-amylase isozymes I and II. J. Agric. Food Chem. 2009, 57, 9218-9225. [CrossRef]

Welsch, C.A.; Lachance, P.A.; Wasserman, B.P. Dietary phenolic compounds: Inhibition of Na+-dependent D-glucose uptake in
rat intestinal brush border membrane vesicles. |. Nutr. 1989, 119, 1698-1704. [CrossRef]

Alonso-Castro, A.].; Miranda-Torres, A.C.; Gonzalez-Chavez, M.M.; Salazar-Olivo, L.A. Cecropia obtusifolia Bertol and its active
compound, chlorogenic acid, stimulate 2-NBDglucose uptake in both insulin-sensitive and insulin-resistant 3T3 adipocytes.
J. Ethnopharmacol. 2008, 120, 458-464. [CrossRef]

Tousch, D.; Lajoix, A.D.; Hosy, E.; Azay-Milhau, J.; Ferrare, K.; Jahannault, C.; Cros, G.; Petit, P. Chicoric acid, a new compound
able to enhance insulin release and glucose uptake. Biochem. Biophys. Res. Commun. 2008, 377, 131-135. [CrossRef]

Gao, J.; He, X;; Ma, Y,; Zhao, X.; Hou, X.; Hao, E.; Deng, J.; Bai, G. Chlorogenic acid targeting of the AKT PH domain activates
AKT/GSK33 /FOXOL1 signaling and improves glucose metabolism. Nutrients 2018, 10, 1366. [CrossRef]

Ong, KW.; Hsu, A.; Tan, B.K. Chlorogenic acid stimulates glucose transport in skeletal muscle via AMPK activation: A contributor
to the beneficial effects of coffee on diabetes. PLoS ONE 2012, 7, €32718. [CrossRef]

Arion, W.J.; Canfield, WK.; Ramos, EC.; Schindler, PW.; Burger, H.].; Hemmerle, H.; Schubert, G.; Below, P.; Herling, A.W.
Chlorogenic acid and hydroxynitrobenzaldehyde: New inhibitors of hepatic glucose 6-phosphatase. Arch. Biochem. Biophys. 1997,
339, 315-322. [CrossRef] [PubMed]

Bassoli, B.K.; Cassolla, P.; Borba-Murad, G.R.; Constantin, J.; Salgueiro-Pagadigorria, C.L.; Bazotte, R.B.; da Silva, R.S.; de Souza,
H.M. Chlorogenic acid reduces the plasma glucose peak in the oral glucose tolerance test: Effects on hepatic glucose release and
glycaemia. Cell Biochem. Funct. 2008, 26, 320-328. [CrossRef] [PubMed]

Hall, A.M.; Soufi, N.; Chambers, K.T.; Chen, Z.; Schweitzer, G.G.; McCommis, K.S.; Erion, D.M.; Graham, M.].; Su, X; Finck, B.N.
Abrogating monoacylglycerol acyltransferase activity in liver improves glucose tolerance and hepatic insulin signaling in obese
mice. Diabetes 2014, 63, 2284-2296. [CrossRef]

Johnston, K.L.; Clifford, M.N.; Morgan, L.M. Coffee acutely modifies gastrointestinal hormone secretion and glucose tolerance in
humans: Glycemic effects of chlorogenic acid and caffeine. Am. J. Clin. Nutr. 2003, 78, 728-733. [CrossRef] [PubMed]

van Dijk, A.E.; Olthof, M.R.; Meeuse, ].C.; Seebus, E.; Heine, R.J.; van Dam, R.M. Acute effects of decaffeinated coffee and the
major coffee components chlorogenic acid and trigonelline on glucose tolerance. Diabetes Care 2009, 32, 1023-1025. [CrossRef]
Zuniga, L.Y.; Aceves-de la Mora, M.C.A.; Gonzalez-Ortiz, M.; Ramos-Ntfiez, ].L.; Martinez-Abundis, E. Effect of Chlorogenic
Acid Administration on Glycemic Control, Insulin Secretion, and Insulin Sensitivity in Patients with Impaired Glucose Tolerance.
J. Med. Food 2018, 21, 469-473. [CrossRef]

Mansour, A.; Mohajeri-Tehrani, M.R.; Samadi, M.; Qorbani, M.; Merat, S.; Adibi, H.; Poustchi, H.; Hekmatdoost, A. Effects
of supplementation with main coffee components including caffeine and/or chlorogenic acid on hepatic, metabolic, and
inflammatory indices in patients with non-alcoholic fatty liver disease and type 2 diabetes: A randomized, double-blind,
placebo-controlled, clinical trial. Nutr. J. 2021, 20, 35. [CrossRef]

McCarty, M.F. A chlorogenic acid-induced increase in GLP-1 production may mediate the impact of heavy coffee consumption on
diabetes risk. Med. Hypotheses 2005, 64, 848-853. [CrossRef]

Ebrahim, N.; Shakirova, K.; Dashinimaev, E. PDX1 is the cornerstone of pancreatic 3-cell functions and identity. Front. Mol. Biosci.
2022, 9, 1091757. [CrossRef]

Olthof, M.R.; Hollman, P.C.; Katan, M.B. Chlorogenic acid and caffeic acid are absorbed in humans. J. Nutr. 2001, 131, 66-71.
[CrossRef] [PubMed]

Ganguly, R.; Singh, S.V,; Jaiswal, K.; Kumar, R.; Pandey, A.K. Modulatory effect of caffeic acid in alleviating diabetes and
associated complications. World J. Diabetes 2023, 14, 62-75. [CrossRef] [PubMed]

Huang, D.W.; Shen, S.C.; Wu, ].S. Effects of caffeic acid and cinnamic acid on glucose uptake in insulin-resistant mouse hepatocytes.
J. Agric. Food Chem. 2009, 57, 7687-7692. [CrossRef]


https://doi.org/10.1016/bs.apha.2019.12.002
https://www.ncbi.nlm.nih.gov/pubmed/32089239
https://doi.org/10.1016/j.bcp.2013.02.008
https://doi.org/10.1371/journal.pone.0120842
https://www.ncbi.nlm.nih.gov/pubmed/25849026
https://doi.org/10.1007/s11095-014-1526-9
https://doi.org/10.1016/j.foodres.2018.07.038
https://www.ncbi.nlm.nih.gov/pubmed/30195541
https://doi.org/10.1021/jf9017383
https://doi.org/10.1093/jn/119.11.1698
https://doi.org/10.1016/j.jep.2008.09.019
https://doi.org/10.1016/j.bbrc.2008.09.088
https://doi.org/10.3390/nu10101366
https://doi.org/10.1371/journal.pone.0032718
https://doi.org/10.1006/abbi.1996.9874
https://www.ncbi.nlm.nih.gov/pubmed/9056264
https://doi.org/10.1002/cbf.1444
https://www.ncbi.nlm.nih.gov/pubmed/17990295
https://doi.org/10.2337/db13-1502
https://doi.org/10.1093/ajcn/78.4.728
https://www.ncbi.nlm.nih.gov/pubmed/14522730
https://doi.org/10.2337/dc09-0207
https://doi.org/10.1089/jmf.2017.0110
https://doi.org/10.1186/s12937-021-00694-5
https://doi.org/10.1016/j.mehy.2004.03.037
https://doi.org/10.3389/fmolb.2022.1091757
https://doi.org/10.1093/jn/131.1.66
https://www.ncbi.nlm.nih.gov/pubmed/11208940
https://doi.org/10.4239/wjd.v14.i2.62
https://www.ncbi.nlm.nih.gov/pubmed/36926656
https://doi.org/10.1021/jf901376x

Int. J. Mol. Sci. 2025, 26, 5544 26 of 29

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.
97.

98.

Tian, Y.; Ou, Z.; Xiong, W.; Fan, W.; Yang, W.; Zhang, B.; Pan, L.; Ren, H. Extraction and optimization of polyphenols from
Morchella spp. using ultrasound-assisted deep eutectic solvents: Potential intervention for type 2 diabetes mellitus. J. Food Sci.
2025, 90, €70145. [CrossRef]

Bhattacharya, S.; Oksbjerg, N.; Young, J.E,; Jeppesen, P.B. Caffeic acid, naringenin and quercetin enhance glucose-stimulated
insulin secretion and glucose sensitivity in INS-1E cells. Diabetes Obes. Metab. 2014, 16, 602-612. [CrossRef]

Oboh, G.; Agunloye, O.M.; Adefegha, S.A.; Akinyemi, A.]J.; Ademiluyi, A.O. Caffeic and chlorogenic acids inhibit key enzymes
linked to type 2 diabetes (in vitro): A comparative study. J. Basic. Clin. Physiol. Pharmacol. 2015, 26, 165-170. [CrossRef]
Ontawong, A.; Duangjai, A.; Srimaroeng, C. Coffea arabica bean extract inhibits glucose transport and disaccharidase activity in
Caco-2 cells. Biomed. Rep. 2021, 15, 73. [CrossRef]

Mukundh, S.T.; Veeraraghavan, V.P.; Ponnusamy, B.; Jayaraman, S. Phytochemical Screening and Antidiabetic Activity of Aqueous
Extract of Evolvulus Alsinoides Leaves: An In Vitro and In Silico Study. J. Pharm. Bioallied Sci. 2024, 16, S1246-51248. [CrossRef]
[PubMed]

McMillan, J.; Bester, M.].; Apostolides, Z. In silico docking and ADMET studies on clinical targets for type 2 diabetes correlated to
in vitro inhibition of pancreatic alpha-amylase and alpha-glucosidase by rutin, caffeic acid, p-coumaric acid, and vanillin. Silico
Pharmacol. 2025, 13, 42. [CrossRef]

Matowane, G.R.; Ramorobi, L.M.; Mashele, S.S.; Bonnet, S.L.; Noreljaleel, A.E.M.; Swain, S.S.; Makhafola, T.J.; Chukwuma,
C.I. Novel Caffeic Acid—Zinc Acetate Complex: Studies on Promising Antidiabetic and Antioxidative Synergism Through
Complexation. Med. Chem. 2023, 19, 147-162. [CrossRef]

Huang, D.-W.; Shen, S.-C. Caffeic acid and cinnamic acid ameliorate glucose metabolism via modulating glycogenesis and
gluconeogenesis in insulin-resistant mouse hepatocytes. J. Funct. Foods 2012, 4, 358-366. [CrossRef]

Jung, U].; Lee, M.K; Park, Y.B.; Jeon, S.M.; Choi, M.S. Antihyperglycemic and antioxidant properties of caffeic acid in db/db
mice. J. Pharmacol. Exp. Ther. 2006, 318, 476-483. [CrossRef] [PubMed]

Hsu, EL.; Chen, Y.C.; Cheng, ].T. Caffeic acid as active principle from the fruit of Xanthium strumarium to lower plasma glucose
in diabetic rats. Planta Med. 2000, 66, 228-230. [CrossRef]

Tsuda, S.; Egawa, T.; Ma, X.; Oshima, R.; Kurogi, E.; Hayashi, T. Coffee polyphenol caffeic acid but not chlorogenic acid increases
5’ AMP-activated protein kinase and insulin-independent glucose transport in rat skeletal muscle. J. Nutr. Biochem. 2012,
23,1403-1409. [CrossRef]

Chang, W.-C.; Kuo, P-L.; Chen, C.-W.; Wu, ].5.-B.; Shen, S.-C. Caffeic acid improves memory impairment and brain glucose
metabolism via ameliorating cerebral insulin and leptin signaling pathways in high-fat diet-induced hyperinsulinemic rats. Food
Res. Int. 2015, 77, 24-33. [CrossRef]

Salau, V.E; Erukainure, O.L.; ljomone, O.M.; Islam, M.S. Caffeic acid regulates glucose homeostasis and inhibits purinergic and
cholinergic activities while abating oxidative stress and dyslipidaemia in fructose-streptozotocin-induced diabetic rats. J. Pharm.
Pharmacol. 2022, 74, 973-984. [CrossRef]

Matowane, G.R.; Mashele, S.S.; Makhafola, T.J.; Chukwuma, C.I. The ameliorative effect of zinc acetate with caffeic acid in the
animal model of type 2 diabetes. Biomed. Pharmacother. 2023, 163, 114779. [CrossRef]

Cao, X,; Xia, Y.; Zeng, M.; Wang, W.; He, Y.; Liu, ]J. Caffeic Acid Inhibits the Formation of Advanced Glycation End Products
(AGEs) and Mitigates the AGEs-Induced Oxidative Stress and Inflammation Reaction in Human Umbilical Vein Endothelial Cells
(HUVECs). Chem. Biodivers. 2019, 16, €1900174. [CrossRef] [PubMed]

Fratantonio, D.; Speciale, A.; Canali, R.; Natarelli, L.; Ferrari, D.; Saija, A.; Virgili, F.; Cimino, F. Low nanomolar caffeic acid
attenuates high glucose-induced endothelial dysfunction in primary human umbilical-vein endothelial cells by affecting NF-«B
and Nrf2 pathways. Biofactors 2017, 43, 54-62. [CrossRef]

Toma, L.; Sanda, G.M.; Niculescu, L.S.; Deleanu, M.; Stancu, C.S.; Sima, A.V. Caffeic acid attenuates the inflammatory stress
induced by glycated LDL in human endothelial cells by mechanisms involving inhibition of AGE-receptor, oxidative, and
endoplasmic reticulum stress. Biofactors 2017, 43, 685-697. [CrossRef]

Natarelli, L.; Ranaldi, G.; Leoni, G.; Roselli, M.; Guantario, B.; Comitato, R.; Ambra, R.; Cimino, F; Speciale, A.; Virgili, F;
et al. Nanomolar Caffeic Acid Decreases Glucose Uptake and the Effects of High Glucose in Endothelial Cells. PLoS ONE 2015,
10, e0142421. [CrossRef] [PubMed]

Beecher, G.R. Nutrient content of tomatoes and tomato products. Proc. Soc. Exp. Biol. Med. 1998, 218, 98-100. [CrossRef]

Adam, A.; Crespy, V,; Levrat-Verny, M.A.; Leenhardt, F.; Leuillet, M.; Demigné, C.; Rémésy, C. The bioavailability of ferulic acid is
governed primarily by the food matrix rather than its metabolism in intestine and liver in rats. J. Nutr. 2002, 132, 1962-1968.
[CrossRef]

McCarty, M.E,; Assanga, S.B.I. Ferulic acid may target MyD88-mediated pro-inflammatory signaling—Implications for the health
protection afforded by whole grains, anthocyanins, and coffee. Med. Hypotheses 2018, 118, 114-120. [CrossRef]


https://doi.org/10.1111/1750-3841.70145
https://doi.org/10.1111/dom.12236
https://doi.org/10.1515/jbcpp-2013-0141
https://doi.org/10.3892/br.2021.1449
https://doi.org/10.4103/jpbs.jpbs_585_23
https://www.ncbi.nlm.nih.gov/pubmed/38882856
https://doi.org/10.1007/s40203-025-00324-6
https://doi.org/10.2174/1573406418666220620144601
https://doi.org/10.1016/j.jff.2012.01.005
https://doi.org/10.1124/jpet.106.105163
https://www.ncbi.nlm.nih.gov/pubmed/16644902
https://doi.org/10.1055/s-2000-8561
https://doi.org/10.1016/j.jnutbio.2011.09.001
https://doi.org/10.1016/j.foodres.2015.04.010
https://doi.org/10.1093/jpp/rgac021
https://doi.org/10.1016/j.biopha.2023.114779
https://doi.org/10.1002/cbdv.201900174
https://www.ncbi.nlm.nih.gov/pubmed/31419039
https://doi.org/10.1002/biof.1312
https://doi.org/10.1002/biof.1373
https://doi.org/10.1371/journal.pone.0142421
https://www.ncbi.nlm.nih.gov/pubmed/26544184
https://doi.org/10.3181/00379727-218-44282a
https://doi.org/10.1093/jn/132.7.1962
https://doi.org/10.1016/j.mehy.2018.06.032

Int. J. Mol. Sci. 2025, 26, 5544 27 of 29

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

Khatun, M.M.; Bhuia, M.S.; Chowdhury, R.; Sheikh, S.; Ajmee, A.; Mollah, F.; Al Hasan, M.S.; Coutinho, H.D.M.; Islam, M.T.
Potential utilization of ferulic acid and its derivatives in the management of metabolic diseases and disorders: An insight into
mechanisms. Cell. Signal. 2024, 121, 111291. [CrossRef] [PubMed]

Choi, R.; Kim, B.H.; Naowaboot, J.; Lee, M.Y,; Hyun, M.R.; Cho, EJ.; Lee, E.S.; Lee, E.Y.; Yang, Y.C.; Chung, C.H. Effects of ferulic
acid on diabetic nephropathy in a rat model of type 2 diabetes. Exp. Mol. Med. 2011, 43, 676—683. [CrossRef] [PubMed]

Salau, V.E; Erukainure, O.L.; Olofinsan, K.O.; Bharuth, V.; jomone, O.M.; Islam, M.S. Ferulic acid improves glucose homeostasis
by modulation of key diabetogenic activities and restoration of pancreatic architecture in diabetic rats. Fundam. Clin. Pharmacol.
2023, 37, 324-339. [CrossRef]

Ruamyod, K.; Watanapa, W.B.; Kakhai, C.; Nambundit, P.; Treewaree, S.; Wongsanupa, P. Ferulic acid enhances insulin secretion
by potentiating L-type Ca(**) channel activation. J. Integr. Med. 2023, 21,99-105. [CrossRef]

Nomura, E.; Kashiwada, A.; Hosoda, A.; Nakamura, K.; Morishita, H.; Tsuno, T.; Taniguchi, H. Synthesis of amide compounds of
ferulic acid, and their stimulatory effects on insulin secretion in vitro. Bioorg Med. Chem. 2003, 11, 3807-3813. [CrossRef]
Matowane, G.R.; Ramorobi, L.M.; Mashele, S.S.; Bonnet, S.L.; Noreljaleel, A.E.M.; Swain, S.S.; Makhafola, T.J.; Chukwuma, C.L
Complexation potentiated promising anti-diabetic and anti-oxidative synergism between ZN(ii) and ferulic acid: A multimode
study. Diabet. Med. 2022, 39, €14905. [CrossRef]

Gogoi, B.; Chatterjee, P.; Mukherjee, S.; Buragohain, A.K.; Bhattacharya, S.; Dasgupta, S. A polyphenol rescues lipid induced
insulin resistance in skeletal muscle cells and adipocytes. Biochem. Biophys. Res. Commun. 2014, 452, 382-388. [CrossRef]
Naowaboot, J.; Piyabhan, P.; Tingpej, P.; Munkong, N.; Parklak, W.; Pannangpetch, P. Anti-insulin resistant effect of ferulic acid on
high fat diet-induced obese mice. Asian Pac. ]. Trop. Biomed. 2018, 8, 604-608. [CrossRef]

Zheng, Y.; Tian, J.; Yang, W.; Chen, S.; Liu, D.; Fang, H.; Zhang, H.; Ye, X. Inhibition mechanism of ferulic acid against c-amylase
and o-glucosidase. Food Chem. 2020, 317, 126346. [CrossRef] [PubMed]

Zhu, D.; Zou, W.; Cao, X.; Xu, W.; Lu, Z.; Zhu, Y.; Hu, X.; Hu, J.; Zhu, Q. Ferulic acid attenuates high glucose-induced apoptosis in
retinal pigment epithelium cells and protects retina in db/db mice. Peer] 2022, 10, e13375. [CrossRef] [PubMed]

Sompong, W.; Cheng, H.; Adisakwattana, S. Protective Effects of Ferulic Acid on High Glucose-Induced Protein Glycation, Lipid
Peroxidation, and Membrane Ion Pump Activity in Human Erythrocytes. PLoS ONE 2015, 10, e0129495. [CrossRef]

Li, D.; Rui, Y.X,; Guo, S.D.; Luan, F; Liu, R.; Zeng, N. Ferulic acid: A review of its pharmacology, pharmacokinetics and derivatives.
Life Sci. 2021, 284, 119921. [CrossRef]

Balasubashini, M.S.; Rukkumani, R.; Viswanathan, P.; Menon, V.P. Ferulic acid alleviates lipid peroxidation in diabetic rats.
Phytother. Res. 2004, 18, 310-314. [CrossRef]

Ohnishi, M.; Matuo, T.; Tsuno, T.; Hosoda, A.; Nomura, E.; Taniguchi, H.; Sasaki, H.; Morishita, H. Antioxidant activity and
hypoglycemic effect of ferulic acid in STZ-induced diabetic mice and KK-Ay mice. Biofactors 2004, 21, 315-319. [CrossRef]
Naowaboot, J.; Piyabhan, P.; Munkong, N.; Parklak, W.; Pannangpetch, P. Ferulic acid improves lipid and glucose homeostasis in
high-fat diet-induced obese mice. Clin. Exp. Pharmacol. Physiol. 2016, 43, 242-250. [CrossRef]

Jung, E.H,; Kim, S.R.; Hwang, 1.K.; Ha, T.Y. Hypoglycemic effects of a phenolic acid fraction of rice bran and ferulic acid in
C57BL/Ks]J-db/db mice. J. Agric. Food Chem. 2007, 55, 9800-9804. [CrossRef]

Song, Y.; Wu, T.; Yang, Q.; Chen, X.; Wang, M.; Wang, Y.; Peng, X.; Ou, S. Ferulic acid alleviates the symptoms of diabetes in obese
rats. J. Funct. Foods 2014, 9, 141-147. [CrossRef]

Narasimhan, A.; Chinnaiyan, M.; Karundevi, B. Ferulic acid exerts its antidiabetic effect by modulating insulin-signalling
molecules in the liver of high-fat diet and fructose-induced type-2 diabetic adult male rat. Appl. Physiol. Nutr. Metab. 2015,
40, 769-781. [CrossRef] [PubMed]

Narasimhan, A.; Chinnaiyan, M.; Karundevi, B. Ferulic acid regulates hepatic GLUT2 gene expression in high fat and fructose-
induced type-2 diabetic adult male rat. Eur. ]. Pharmacol. 2015, 761, 391-397. [CrossRef] [PubMed]

Vellai, R.D.; Chandiran, S.; Pillai, S.S. GTF-231, a Mixture of Gymnemic Acid, Trigonelline and Ferulic Acid Significantly
Ameliorates Oxidative Stress in Experimental Type 2 Diabetes in Rats. Can. J. Diabetes 2018, 42, 237-244. [CrossRef]

Huang, J.; Wang, X.; Tao, G.; Song, Y.; Ho, C.; Zheng, J.; Ou, S. Feruloylated oligosaccharides from maize bran alleviate the
symptoms of diabetes in streptozotocin-induced type 2 diabetic rats. Food Funct. 2018, 9, 1779-1789. [CrossRef]

El-Gammal, H.L.; Omar, F.; Hyder, A. Ferulic acid protects rat offspring from maternal high-fat, high-fructose diet-induced toxicity
and developmental retardation through a direct effect on pancreatic islets. Food Chem. Toxicol. 2025, 197, 115265. [CrossRef]
Song, Y.; Wu, M.S,; Tao, G.; Lu, M.W.; Lin, J.; Huang, ].Q. Feruloylated oligosaccharides and ferulic acid alter gut microbiome to
alleviate diabetic syndrome. Food Res. Int. 2020, 137, 109410. [CrossRef]

Nankar, R.; Prabhakar, P.K.; Doble, M. Hybrid drug combination: Combination of ferulic acid and metformin as anti-diabetic
therapy. Phytomedicine 2017, 37, 10-13. [CrossRef]

Prabhakar, PK.; Prasad, R.; Ali, S.; Doble, M. Synergistic interaction of ferulic acid with commercial hypoglycemic drugs in
streptozotocin induced diabetic rats. Phytomedicine 2013, 20, 488—-494. [CrossRef]


https://doi.org/10.1016/j.cellsig.2024.111291
https://www.ncbi.nlm.nih.gov/pubmed/38986730
https://doi.org/10.3858/emm.2011.43.12.078
https://www.ncbi.nlm.nih.gov/pubmed/21975281
https://doi.org/10.1111/fcp.12860
https://doi.org/10.1016/j.joim.2022.11.003
https://doi.org/10.1016/S0968-0896(03)00280-3
https://doi.org/10.1111/dme.14905
https://doi.org/10.1016/j.bbrc.2014.08.079
https://doi.org/10.4103/2221-1691.248098
https://doi.org/10.1016/j.foodchem.2020.126346
https://www.ncbi.nlm.nih.gov/pubmed/32070843
https://doi.org/10.7717/peerj.13375
https://www.ncbi.nlm.nih.gov/pubmed/35669949
https://doi.org/10.1371/journal.pone.0129495
https://doi.org/10.1016/j.lfs.2021.119921
https://doi.org/10.1002/ptr.1440
https://doi.org/10.1002/biof.552210161
https://doi.org/10.1111/1440-1681.12514
https://doi.org/10.1021/jf0714463
https://doi.org/10.1016/j.jff.2014.04.007
https://doi.org/10.1139/apnm-2015-0002
https://www.ncbi.nlm.nih.gov/pubmed/26201855
https://doi.org/10.1016/j.ejphar.2015.04.043
https://www.ncbi.nlm.nih.gov/pubmed/25956617
https://doi.org/10.1016/j.jcjd.2017.05.007
https://doi.org/10.1039/C7FO01825H
https://doi.org/10.1016/j.fct.2025.115265
https://doi.org/10.1016/j.foodres.2020.109410
https://doi.org/10.1016/j.phymed.2017.10.015
https://doi.org/10.1016/j.phymed.2012.12.004

Int. J. Mol. Sci. 2025, 26, 5544 28 of 29

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

Agudelo-Ochoa, G.M.; Pulgarin-Zapata, I.C.; Velasquez-Rodriguez, C.M.; Duque-Ramirez, M.; Naranjo-Cano, M.; Quintero-Ortiz,
M.M,; Lara-Guzmaén, O.].; Mufioz-Durango, K. Coffee Consumption Increases the Antioxidant Capacity of Plasma and Has No
Effect on the Lipid Profile or Vascular Function in Healthy Adults in a Randomized Controlled Trial. J. Nutr. 2016, 146, 524-531.
[CrossRef]

Costabile, G.; Vitale, M.; Della Pepa, G.; Cipriano, P; Vetrani, C.; Testa, R.; Mena, P.,; Bresciani, L.; Tassotti, M.; Calani, L.; et al. A
wheat aleurone-rich diet improves oxidative stress but does not influence glucose metabolism in overweight/obese individuals:
Results from a randomized controlled trial. Nutr. Metab. Cardiovasc. Dis. 2022, 32, 715-726. [CrossRef] [PubMed]

Clifford, M.N.; Marks, S.; Knight, S.; Kuhnert, N. Characterization by LC-MS(n) of four new classes of p-coumaric acid-containing
diacyl chlorogenic acids in green coffee beans. J. Agric. Food Chem. 2006, 54, 4095-4101. [CrossRef] [PubMed]

Kashtoh, H.; Baek, K.H. New Insights into the Latest Advancement in a-Amylase Inhibitors of Plant Origin with Anti-Diabetic
Effects. Plants 2023, 12, 2944. [CrossRef]

Khan, M.S.; Alokail, M.S.; Alenad, A.M.H.; Altwaijry, N.; Alafaleq, N.O.; Alamri, A.M.; Zawba, M. A. Binding Studies of Caffeic
and p-Coumaric Acid with x-Amylase: Multispectroscopic and Computational Approaches Deciphering the Effect on Advanced
Glycation End Products (AGEs). Molecules 2022, 27, 3992. [CrossRef] [PubMed]

Khalid, M.; Petroianu, G.; Adem, A. Advanced Glycation End Products and Diabetes Mellitus: Mechanisms and Perspectives.
Biomolecules 2022, 12, 542. [CrossRef]

Yoon, S.A.; Kang, S.I.; Shin, H.S.; Kang, S.W.; Kim, ].H.; Ko, H.C.; Kim, S.J. p-Coumaric acid modulates glucose and lipid
metabolism via AMP-activated protein kinase in L6 skeletal muscle cells. Biochem. Biophys. Res. Commun. 2013, 432, 553-557.
[CrossRef]

Kang, S.W.; Kang, S.I; Shin, H.S.; Yoon, S.A.; Kim, ].H.; Ko, H.C.; Kim, S.J. Sasa quelpaertensis Nakai extract and its constituent
p-coumaric acid inhibit adipogenesis in 3T3-L1 cells through activation of the AMPK pathway. Food Chem. Toxicol. 2013,
59, 380-385. [CrossRef]

Kim, J.H.; Kang, S.I; Shin, H.S.; Yoon, S.A.; Kang, S.W.; Ko, H.C.; Kim, S.J. Sasa quelpaertensis and p-coumaric acid attenuate oleic
acid-induced lipid accumulation in HepG2 cells. Biosci. Biotechnol. Biochem. 2013, 77, 1595-1598. [CrossRef]

Dludla, P.V.; Mabhida, S.E.; Ziqubu, K.; Nkambule, B.B.; Mazibuko-Mbeje, S.E.; Hanser, S.; Basson, A K,; Pheiffer, C.; Kengne,
A.P. Pancreatic 3-cell dysfunction in type 2 diabetes: Implications of inflammation and oxidative stress. World . Diabetes 2023,
14, 130-146. [CrossRef]

Amalan, V.; Vijayakumar, N.; Indumathi, D.; Ramakrishnan, A. Antidiabetic and antihyperlipidemic activity of p-coumaric acid
in diabetic rats, role of pancreatic GLUT 2: In vivo approach. Biomed. Pharmacother. 2016, 84, 230-236. [CrossRef]

Amalan, V,; Natesan, V.; Arumugam, R. P-Coumaric acid regulates blood glucose and antioxidant levels in streptozotocin induced
diabetic rats. J. Chem. Pharm. Res. 2015, 7, 831-839.

Mani, A.; Kushwaha, K.; Khurana, N.; Gupta, J. p-Coumaric acid attenuates high-fat diet-induced oxidative stress and nephropa-
thy in diabetic rats. J. Anim. Physiol. Anim. Nutr. 2022, 106, 872-880. [CrossRef] [PubMed]

Yoon, H.J.; Jung, U.J. p-Coumaric acid alleviates metabolic dysregulation in high-fructose diet-fed hamsters. Nutr. Res. Pract.
2025, 19, 200-214. [CrossRef] [PubMed]

Yoon, D.S.; Cho, S.Y,; Yoon, H.J.; Kim, S.R.; Jung, UJ. Protective effects of p-coumaric acid against high-fat diet-induced metabolic
dysregulation in mice. Biomed. Pharmacother. 2021, 142, 111969. [CrossRef]

Liu, Z; Yang, Y.; Xu, Y.; Zhang, Z.; Tang, R; Liu, |.; Jiang, H.; Zhao, R. Procyanidin Bl and p-coumaric acid from whole highland
barley ameliorated HFD-induced impaired glucose tolerance via small intestinal barrier and hepatic glucose metabolism. Food
Funct. 2024, 15, 9272-9283. [CrossRef]

Nguyen, L.V.;; Nguyen, K.D.A; Ma, C.T.; Nguyen, Q.T.; Nguyen, HT.H.; Yang, D.J.; Tran, T.L.; Kim, K.W.; Doan, K.V. p-Coumaric
acid enhances hypothalamic leptin signaling and glucose homeostasis in mice via differential effects on AMPK activation. Int. |.
Mol. Sci. 2021, 22, 1431. [CrossRef]

Han, X.; Guo, J.; You, Y,; Zhan, J.; Huang, W. p-Coumaric acid prevents obesity via activating thermogenesis in brown adipose
tissue mediated by mTORC1-RPS6. FASEB J. 2020, 34, 7810-7824. [CrossRef]

Abdel-Moneim, A.; El-Twab, S.M.A.; Yousef, A.L; Reheim, E.S.A.; Ashour, M.B. Modulation of hyperglycemia and dyslipidemia
in experimental type 2 diabetes by gallic acid and p-coumaric acid: The role of adipocytokines and PPARYy. Biomed. Pharmacother.
2018, 105, 1091-1097. [CrossRef]

Ni¢iforovi¢, N.; Abramovi¢, H. Sinapic Acid and Its Derivatives: Natural Sources and Bioactivity. Compr. Rev. Food Sci. Food Saf.
2014, 13, 34-51. [CrossRef]

Cherng, Y.G.; Tsai, C.C.; Chung, H.H.; Lai, Y.W.; Kuo, S.C.; Cheng, ].T. Antihyperglycemic action of sinapic acid in diabetic rats.
J. Agric. Food Chem. 2013, 61, 12053-12059. [CrossRef]

Sorimuthu Pillai, S. Sinapic Acid Regulates Glucose Homeostasis by Modulating the Activities of Carbohydrate Metabolizing
Enzymes in High Fat Diet Fed-Low Dose STZ Induced Experimental Type 2 Diabetes in Rats. Glob. ]. Obes. Diabetes Metab. Syndr.
2017, 4, 054-061. [CrossRef]


https://doi.org/10.3945/jn.115.224774
https://doi.org/10.1016/j.numecd.2021.12.016
https://www.ncbi.nlm.nih.gov/pubmed/35123855
https://doi.org/10.1021/jf060536p
https://www.ncbi.nlm.nih.gov/pubmed/16756331
https://doi.org/10.3390/plants12162944
https://doi.org/10.3390/molecules27133992
https://www.ncbi.nlm.nih.gov/pubmed/35807235
https://doi.org/10.3390/biom12040542
https://doi.org/10.1016/j.bbrc.2013.02.067
https://doi.org/10.1016/j.fct.2013.06.033
https://doi.org/10.1271/bbb.130167
https://doi.org/10.4239/wjd.v14.i3.130
https://doi.org/10.1016/j.biopha.2016.09.039
https://doi.org/10.1111/jpn.13645
https://www.ncbi.nlm.nih.gov/pubmed/34596925
https://doi.org/10.4162/nrp.2025.19.2.200
https://www.ncbi.nlm.nih.gov/pubmed/40226759
https://doi.org/10.1016/j.biopha.2021.111969
https://doi.org/10.1039/D4FO02805H
https://doi.org/10.3390/ijms22031431
https://doi.org/10.1096/fj.202000333R
https://doi.org/10.1016/j.biopha.2018.06.096
https://doi.org/10.1111/1541-4337.12041
https://doi.org/10.1021/jf403092b
https://doi.org/10.17352/2455-8583.000024

Int. J. Mol. Sci. 2025, 26, 5544 29 of 29

146.

147.

148.

149.

Nithya, R.; Subramanian, S.P. Sinapic Acid, a Naturally Occurring Carboxylic Acid Derivative Ameliorates Hyperglycemia in
High Fat Diet-Low Dose STZ Induced Experimental Diabetic Rats. Int. J. Sci. Eng. Technol. Res. 2015, 4, 5746-5750.

Zych, M.; Wojnar, W.; Borymski, S.; Szatabska, K.; Bramora, P.; Kaczmarczyk-Sedlak, I. Effect of Rosmarinic Acid and Sinapic
Acid on Oxidative Stress Parameters in the Cardiac Tissue and Serum of Type 2 Diabetic Female Rats. Antioxidants 2019, 8, 579.
[CrossRef] [PubMed]

Alaofi, A.L. Sinapic Acid Ameliorates the Progression of Streptozotocin (STZ)-Induced Diabetic Nephropathy in Rats via
NRF2/HO-1 Mediated Pathways. Front. Pharmacol. 2020, 11, 1119. [CrossRef]

Meesa, M.; Yellu, N.R. Impact of Sinapic acid on Ertugliflozin Pharmacokinetics and Pharmacodynamics in Type-2 Diabetic Rats.
J. Young Pharm. 2023, 15, 485-490. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3390/antiox8120579
https://www.ncbi.nlm.nih.gov/pubmed/31771099
https://doi.org/10.3389/fphar.2020.01119
https://doi.org/10.5530/jyp.2023.15.64

	Introduction 
	Coffee and T2DM 
	Evidence from Epidemiological and Clinical Studies 
	Experimental Evidence from Animal Studies 

	Potential Role of Chlorogenic Acid and Related Hydroxycinnamic Acids in T2DM 
	Potential Role of Chlorogenic Acid in T2DM 
	In Vitro Studies 
	Animal Studies 
	Human Studies 

	Potential Role of Caffeic Acid in T2DM 
	In Vitro Studies 
	In Vivo Studies 

	Potential Role of Ferulic Acid in T2DM 
	In Vitro Studies 
	Animal Studies 
	Human Studies 

	Potential Role of p-Coumaric Acid in T2DM 
	In Vitro Studies 
	In Vivo Studies 

	Potential Role of Sinapic Acid in T2DM 

	Limitations and Future Directions 
	Conclusions 
	References

