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Abstract: Type 2 diabetes (T2D) is a growing health concern with an estimated 462 million people
having been diagnosed worldwide. T2D is characterized by chronically elevated blood glucose and
insulin resistance, which culminate in a diminished function of the β-cell mass in its later stages. This
can be perpetuated by and result in inflammation, excess reactive oxygen species production, obesity,
and the dysregulation of multiple cellular pathways. Many naturally occurring small molecules
have been investigated in terms of their roles in modulating glucose homeostasis and β-cell function.
Many of these compounds can be found in commonly used sources of food and drink. Interestingly, a
correlation has been observed between coffee consumption and T2D incidence. However, the specific
compounds responsible for this correlation and their mechanisms are still somewhat undetermined.
This paper reviews recent research findings on the effects of several polyphenols that are either found
in coffee or are metabolites of compounds found in coffee (enterodiol, enterolactone, matairesinol,
secoisolariciresinol, kaempferol, quercetin, and chlorogenic acid) on glucose homeostasis and health
complications associated with glucose dysregulation, with a special emphasis on their potential
anti-diabetic effects. The factors that affect polyphenol content in coffee are also addressed.

Keywords: insulin resistance; β-cell function; enterodiol; enterolactone; matairesinol; secoisolari-
ciresinol; kaempferol; quercetin; chlorogenic acid

1. Introduction

Diabetes affects roughly 11.6% of the U.S. population [1], with approximately 90% of
these suffering from type 2 diabetes (T2D) [2]. T2D results from insulin resistance, which is
directly linked to obesity [3]. Prior to the onset of T2D, insulin resistance leads to hyperinsu-
linemia as the pancreatic β-cells work to compensate for diminished insulin sensitivity. This
ultimately culminates in an inability of the β-cells to produce sufficient insulin to overcome
the lowered sensitivity, thus resulting in fasting hyperglycemia, which is clinically cate-
gorized as T2D [4]. The dysregulation of blood glucose levels is detrimental to a person’s
overall health, as a chronically elevated blood glucose can lead to an array of secondary
complications, including a state of chronic low-grade inflammation [5], chronic kidney
disease [6], cardiovascular disease [7], retinopathy [8], and neuropathy [9], which often lead
to a plethora of podiatric issues that can ultimately necessitate limb amputation [10]. The
current treatments for T2D include diet modification, exercise, and pharmaceutical agents
that work via several mechanisms, including promoting insulin sensitivity and production,
promoting GLP-1 activity and longevity, and inhibiting hepatic gluconeogenesis and glu-
cose reabsorption in the kidneys [11,12]. Despite the many advancements that have been
made in our understanding of T2D pathogenesis and therapeutic approaches, it is expected
that the incidence of this disease will increase by nearly 17% by 2030 [13]. Therefore, the
search for novel low-cost treatments is still warranted.

Coffee consumption and T2D have been shown to be negatively correlated [14], which
supports the rationale that the coffee bean, which is rich in polyphenols and other small

Molecules 2024, 29, 751. https://doi.org/10.3390/molecules29040751 https://www.mdpi.com/journal/molecules

https://doi.org/10.3390/molecules29040751
https://doi.org/10.3390/molecules29040751
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/molecules
https://www.mdpi.com
https://orcid.org/0000-0002-2979-3660
https://doi.org/10.3390/molecules29040751
https://www.mdpi.com/journal/molecules
https://www.mdpi.com/article/10.3390/molecules29040751?type=check_update&version=1


Molecules 2024, 29, 751 2 of 24

compounds, might be a reservoir for such antidiabetic agents. Indeed, several polyphenols,
which are either found in coffee or are metabolites of polyphenols found in coffee, have
been shown to exhibit anti-diabetic effects. Coffee contains approximately 355 mg of
polyphenols per 180 mL serving on average, which is nearly double that of green tea,
making coffee the beverage with the highest total polyphenol content [15]. Polyphenols’
positive health effects have been extensively researched, but available research aiming to
identify the causative link(s) of the negative correlation between coffee consumption and
T2D risk is limited. It is unlikely that the correlation is due to caffeine, as studies have
shown that decaffeinated coffee has nearly the same association with T2D risk as caffeinated
coffee [16–18]. This article will outline the factors involved in T2D pathogenesis and its
sequelae relevant to the effects of the discussed coffee-derived polyphenols. A review will
then summarize the available research on the select polyphenols found in coffee that have
been shown to elicit effects that pertain to these factors. The following compounds will be
reviewed: enterodiol (EDL), enterolactone (ENL), matairesinol (MA), secoisolariciresinol
(SL), kaempferol (KL), quercetin (QN), and chlorogenic acid (CA).

2. Molecular and Cellular Basis of T2D Pathogenesis
2.1. PI3K/Akt/GLUT4

The phosphatidylinositol-3-kinase (PI3K) pathway is of major importance regarding
glucose uptake and the insulin-stimulated translocation of glucose transporters, namely
GLUT4, to the cell membrane [19]. The binding of insulin to its receptor leads to the
recruitment and phosphorylation of insulin receptor substrates-1 and -2 (IRS-1 and -2),
as the insulin receptor (IR) has a tyrosine kinase domain [20,21] (Figure 1). IRS phos-
phorylation allows for the recruitment of downstream effectors [22], including the p85
regulatory subunit of PI3K [23], which subsequently promotes the phosphorylation and
activation of the serine/threonine kinase, Akt [19,24]. Akt phosphorylation has several
downstream effects, which partly depend on the cell type. In the adipocytes and skeletal
muscle, Akt phosphorylation leads to the translocation of glucose transporter 4 (GLUT4), a
12-transmembrane protein, to the cell membrane, resulting in the uptake of glucose into
the cell from the bloodstream, thus lowering blood glucose levels [25]. T2D is character-
ized by the desensitization of the IR to insulin; thus, the tyrosine kinase activity of the
IR is diminished [26]. As a result, none of the proteins mentioned in the above cascade
effect are effectual to GLUT4 translocation and resultant glucose uptake. In the liver, Akt
phosphorylation leads to the inhibition of glycogen synthesis and gluconeogenesis. Failure
to respond to insulin thus may exacerbate hyperglycemia as glycogenolysis, and hepatic
gluconeogenesis may persist even as the blood glucose levels are already elevated.

In the β-cell, the activation of the PI3K/Akt pathway leads to insulin secretion, and a
failure to activate PI3K/Akt signaling in the β-cell blocks insulin secretion [27,28]. Addi-
tionally, Akt and Bcl-2 are major players in the anti-apoptotic process, as Akt stimulates
cell proliferation and Bcl-2 prevents cytochrome c release via mitochondrial pores, thus
preventing the initiation of the caspase cascade resulting in apoptosis [29]. The activation
of these proteins can be beneficial for the protection of islet β-cells, which are commonly
damaged in people with type 2 diabetes [30].
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Figure 1. Suggested mechanisms by which the reviewed compounds regulate blood glucose levels in
adipose, skeletal muscle, and/or liver tissue.

2.2. GLUT2/cAMP/PKA/CREB/PDX-1

Glucose transporter 2 (GLUT2) is a relatively high-Km glucose transporter that is
especially prevalent in hepatic and pancreatic tissues due to their roles in maintaining blood
glucose homeostasis through gluconeogenesis, glycogenolysis, and insulin production and
secretion. As it pertains to insulin secretion, when the blood glucose levels are elevated,
GLUT2 facilitates glucose uptake into the pancreatic β-cells and activates a high-Km
hexokinase (IV) or glucokinase. As the intracellular glucose levels rise, it is metabolized to
the end of the generation of ATP. When the ATP:ADP ratio rises to a certain point, ATP binds
to the Kir6.2 subunit of the ATP-sensitive potassium channel [31], thus blocking potassium
entry into the cell. This leads to membrane depolarization and a subsequent influx of
Ca2+. Elevated intracellular Ca2+ promotes cAMP formation by activating adenylyl cyclase.
Increased cAMP activates protein kinase A (PKA) and cAMP-responsive element-binding
protein (CREB) [32], the activity of which culminates in insulin secretion [33,34]. Either
directly or indirectly, PKA activates pancreas duodenum homeobox-1 (PDX-1), which is an
slc2a2 (GLUT2) transcription factor [33–35]. It has been shown that the expression of PDX-1
restores the presence of functioning β-cells [36].

2.3. Inflammation and ROS

Chronic low-grade inflammation is commonly associated with T2D and is thought to
cause many of the clinical manifestations associated with the secondary complications of
T2D [37]. Many of these complications are associated with increased oxidative stress and
the apoptosis of islet β-cells [38]. The hypothalamus is responsible for the regulation of
metabolic homeostasis largely through nutrient and appetite sensing via leptin and insulin
sensors [39,40]. Studies have shown that a high-fat diet, as well as high glucose or lipid
levels, can cause hypothalamic inflammation, which is thought to be a consequence of
the hyperactivity involved in regulating the utilization of excess energy substrates [40].
The onset of detectable inflammation can occur within 24 h of a shift in diet [39]. This
results in both insulin and leptin resistance [39,40], which leads to dysregulated satiety,
energy use, and glucose homeostasis [40,41]. Chronic inflammation of the brain also
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leads to an overactivation of the sympathetic nervous system, which is largely associated
with increased hepatic gluconeogenesis, further contributing to hyperglycemia and insulin
release [40,42]. Hyperinsulinemia has been shown to further contribute to the progression of
T2D and inflammation [40]. This pro-inflammatory status in people with type 2 diabetes can
also contribute to an increased bodyweight and an imbalance in metabolic flexibility [40].
Two key mediators of these inflammatory effects are IκB kinase β (IKKβ) and tumor
necrosis factor-α (TNF-α), which are pro-inflammatory cytokines that have been shown
to actively contribute to brain inflammation [43]. This is thought to occur by the binding
of TNF-α to its receptors, TNF receptor 1 (TNFR1; p55, and p60) and TNF receptor 2
(p75 and p80) [43,44] (Figure 2). When TNF-α binds to TNFR1, both receptor-interacting
serine/threonine protein kinase 1 and TNFR1-associated death domain protein bind to
the receptor on the cytosolic side of the membrane [43]. TNFR-associated factor 2, the
cellular inhibitor of apoptosis protein 1 (cIAP1), cIAP2, and linear ubiquitin chain assembly
complex (LUBAC) are brought together and produce ubiquitin chains that eventually
cause the activation of MAPK and NF-κB [43]. These all work in harmony with each
other, as the cIAP1 and cIAP2 proteins are bound by TGFβ-activated kinase 1-binding
protein 2 (TAB2) and TAB3, which activate TGFβ-activated kinase 1 (TAK1), stimulating
MAPK signaling [43]. The TAK1 protein is also necessary for the activation of IKKα and
IKKβ on the ubiquitin chains produced by LUBAC, which, in turn, stimulates the NF-
κB pathway [43]. The MAPK and NF-κB pathways lead to the increased expression of
TNF-α and IL-1, 6, and 8, all of which are pro-inflammatory cytokines [45,46]. Thus, this
is a positive feedback mechanism, which exacerbates systemic inflammation. The over-
production of pro-inflammatory cytokines via the activation of the IKKβ (and thus, NF-κB)
and MAPK pathways as well as the stimulation of apoptosis follows the activation of TNF-
α receptors [43]. Pro-inflammatory mediators of TNF-α and IKKβ have been suggested as
potential therapeutic targets for minimizing the inflammation of the hypothalamus [39,40].

It has also been well documented that reactive oxygen species (ROS) are avid contribu-
tors to the upregulation of proinflammatory cytokines [47]. The mechanisms by which ROS
affects the hypothalamus have been extensively reviewed [39,40,47]. ROS are prime media-
tors of oxidative stress, especially in patients with diabetes, as they tend to be produced
in excess [48]. This is due to the multifaceted nature of T2D pathogenesis, which includes
the overactivation of NADPH oxidase and other related pathways stimulated by hyper-
glycemia [48,49]. This is a result of the nature of the electron transport system (ETS). Briefly,
as the ETS produces ATP, electrons come to rest on O2, which results in the formation of
H2O. A natural consequence of this is that a small percentage of O2 is partially reduced to a
radical and converted to H2O2 by superoxide dismutase, which is also considered an ROS
and toxic. Depending on the concentration of H2O2, the glutathione system, catalase, and
thioredoxin/peroxiredoxin systems are typically sufficient to neutralize H2O2. However,
excess H2O2 can be caused by chronic positive energy balance and a lack of physical activity,
as is consistent with the typical lifestyle of a person with type 2 diabetes. Indeed, H2O2
and other ROS were found in excess in diabetic mouse models in a recent study [48]. This
led to an increased production of pro-inflammatory cytokines, including IL-6 and TNF-α,
because of the excessive movement of NF-κB to the nucleus [48]. It is hypothesized that
this occurs through the activation of serine kinase IB kinase (IKK) by ROS/TNF-α [50]. IKK
then degrades IκB, activating NF-κB and allowing it to continue to stimulate the production
of pro-inflammatory mediators [51]. The overstimulation of ROS production, including
H2O2, can cause mitochondrial damage by promoting the oxidation of mtDNA, which
has been shown by subsequent increases in 8-hydroxydeoxyguanosine levels [52]. This
ultimately leads to mitochondrial damage and an increased rate of apoptosis [52]. The
mechanisms by which this occurs have been well reviewed [52–54]. It is partially due to
the increased activity of NADPH oxidase due to a protein kinase C-dependent mechanism
stimulated by hyperglycemia [55]. It is also due to the nature of the ETS, as described above.
One of the pathways that is most adversely affected by mitochondrial damage, especially
in conjunction with a pro-inflammatory status, is the PI3K/Akt signaling pathway [19].
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Additionally, ROS damages the cell membranes through the peroxidation of unsaturated
fatty acids, allowing for the passing of proteins that would otherwise be impermeable [56].
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2.4. AMPK

Adenosine monophosphate-activated protein kinase (AMPK) regulates glucose uptake
and the oxidation of lipids by coordinating the response to hormones such as leptin and
adiponectin [57,58]. Leptin and adiponectin are adipokines, which, when elevated, have
been shown to increase and decrease T2D risk, respectively [35]. Adiponectin activates
AMPK, stimulating glucose uptake [59] as AMPK triggers the transition from PIP2 to PIP3,
thus activating PI3K and initiating the GLUT4 translocation pathway, ultimately leading to
glucose uptake [60] (Figure 1). In addition, high levels of adiponectin are largely related to
decreased plasma triacylglycerol levels, which are typically high in patients with type 2
diabetes and contribute to obesity [61]. The effect of adiponectin is inhibited by TNF-α [59].
Therefore, its regulation by the AMPK pathway is critical for metabolic regulation and
glucose uptake.
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High leptin levels, on the other hand, correlate with the progression of T2D [62] as it
is associated with the regulation of energy expenditure and satiety signaling [62]. Excess
leptin signaling normally lowers appetite; however, in T2D, leptin resistance can cause
satiety confusion [62]. The failure to suppress appetite in the presence of high glucose levels
typically leads to over-eating, which leads to obesity [62]. Additionally, the binding of
leptin to its receptor indirectly causes p70S6K to phosphorylate Ser491 on the alpha subunit
of AMPK, inhibiting its effects in the hypothalamus [63]. Not surprisingly, both adiponectin
and leptin are related to hypertension and blood pressure regulation as well [64]. Thus, the
poor regulation of these hormones and of the AMPK pathway contribute to hyperglycemia,
obesity, and hypertension, all of which are common complications associated with T2D.

2.5. MAPK Pathway (JNK Family)

Some studies show that the inhibition of the p38 mitogen-activated protein kinase
(MAPK) has the potential to stimulate glucose uptake in adipocytes by increasing GLUT4
translocation and delaying insulin resistance in myotubes under high oxidative stress [65]
(Figure 1). The p38 MAPK subunit is necessary for the phosphorylation of p300, an acetyl-
transferase [66]. This allows a complex to form between p65 and p300, which then allows for
the acetylation of p-65-K310 [66]. This acetylation step is critical for the activation of NF-κB,
which promotes inflammation through the production of TNF-α, IL-1, and IL-6 [46]. The
p38 MAPK pathway is typically activated when cells are stressed, sometimes due to excess
ROS production and inflammation, both of which are typical of T2D pathogenesis [67].

2.6. Pancreatic β-Cell Function

The primary role of pancreatic β-cells is the production and secretion of insulin into
the bloodstream [68]. Because chronic hyperglycemia in people with type 2 diabetes
increases the demand for insulin, the β-cells become increasingly overworked [69]. The
activation of MTORC1 is largely responsible for this increased β-cell function and mass [70].
Eventually, the β-cells are no longer able to keep up with the body’s demand for insulin,
leading to β-cell dysfunction, impaired autophagy, oxidative stress, and mitochondrial
damage [69,70].

T2D causes a decline in functional β-cell mass [30], as chronically elevated blood
glucose levels promote the secretion of IL-1β [71] and NF-κB-activated apoptosis [72]. In
addition, the exposure of pancreatic β-cells to excessive ROS may cause DNA damage [73].
The hydroxyl radicals remove hydrogen atoms from the deoxyribose sugar or oxidize the
DNA bases, which can cause DNA strand breakage and fragmentation [74]. This damage
can lead to either cell cycle arrest or, in more extreme cases, apoptosis [75]. It has also
been shown that excessive extracellular saturated fatty acid accumulation promotes β-cell
apoptosis through the activation of the p38 MAPK pathway [76,77] (Figure 2). This is a
common phenomenon among people with type 2 diabetes due to the decreased activity of
lipoprotein lipase (LPL), whose major role is to break down blood triacylglycerols [78,79].
This occurs in T2D because LPL is primarily regulated by insulin, to which the body has
become increasingly resistant [78]. The decline in islet β-cells, whether it is directly due
to their overuse, the stimulation of certain pathways by hyperinsulinemia or fatty acid
accumulation, or the presence of ROS, results in the dysregulation of blood glucose levels.
This is largely due to insulin resistance and the subsequent inability to produce enough
insulin to compensate for the resistance.

2.7. Obesity

The majority of insulin-stimulated glucose uptake takes place in skeletal muscle [80].
However, chronic overnutrition and a positive energy balance, which is consistent with
the lifestyle of most people with type 2 diabetes, promotes increased glucose disposal in
adipocytes in which, after meeting the energy demand of the adipocyte, will ultimately be
converted to and stored as fat [81].
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This results in excess triacylglycerols and, eventually, obesity [82], which is linked
to the excess production of pro-inflammatory cytokines and the activation of apoptotic
pathways [83]. For example, the NF-κB pathway is initiated, yielding the production of
many pro-inflammatory cytokines such as TNF-α, IL-1, and IL-6, thus perpetuating the
problems of T2D [46,83,84] (Figure 2).

2.8. Hepatic Gluconeogenesis

Hepatic gluconeogenesis is the synthesis of glucose from non-carbohydrate sources
and largely takes place in the liver, typically during periods of prolonged fasting, to
prevent hypoglycemia [85]. During prolonged fasting, this becomes the main source
of glucose, which allows for the preservation of muscle protein and the supplying of
glucose to obligatory glucose users [4] following the depletion of hepatic glycogen stores.
Gluconeogenesis is regulated by four enzymes that allow for the bypassing of the three non-
equilibrium reactions in glycolysis. Thus, gluconeogenesis is essentially reversed glycolysis.
The first of those enzymes is pyruvate carboxylase, which is allosterically activated by acetyl
CoA derived from fatty acid oxidation. The fatty acid oxidation rates are elevated in T2D
because it is required for ATP production due to the lack of glucose uptake. The second and
fourth gluconeogenesis regulatory enzymes, phosphoenolpyruvate carboxykinase (PEPCK)
and glucose-6-phosphatase, are regulated by insulin at the transcriptional level [86]. Finally,
the third regulatory enzyme, fructose-1,6-bisphosphatase, is activated by citrate, which
is elevated as a consequence of higher fatty-acid-derived acetyl-CoA levels, as the initial
product of the citric acid cycle. Thus, insulin resistance leads to the dysregulation of
hepatic gluconeogenesis in people with diabetes, even in post-prandial conditions, thus
exacerbating chronic fasting hyperglycemia [4,87].

2.9. Estrogen

Though it is typically regarded as a sex hormone, estrogen has been shown to play a
role in the regulation of glucose uptake and insulin signaling [88]. Estrogen can stimulate
GLUT4 translocation, lower inflammation, decrease the oxidation of lipoproteins, and
decrease the number of triacylglycerols in the bloodstream [88]. It also stimulates cAMP,
which regulates several metabolic mediators, including the release of calcium [88].

T2D has exhibited a trend of being more prevalent in males than females [87], and
the fact that estrogen exists in much higher levels in females may partially explain this
phenomenon. Though the issue is far more complex than estrogen alone, the key role of
estrogen in maintaining glucose homeostasis is partly evidenced by an increased incidence
of T2D in post-menopausal women compared to pre-menopausal women [87]. Menopause
is a time of drastic transition and many hormonal changes in women [89]. One of the major
results of menopause is a marked decrease in estrogen levels [90]. The post-menopausal
levels of triacylglycerols are much higher than the triacylglycerol levels in pre-menopausal
woman [89]. Menopause has also been shown to contribute to obesity and increased pro-
inflammatory cytokine production, such as TNF-α [89]. A few of the polyphenols (lignans)
found in coffee are phytoestrogens, meaning they mimic some of the effects of estrogen
and are therefore suitable topics for research as potential anti-T2D agents [91].

3. Coffee-Derived Polyphenols as Intercessors of T2D Pathogenesis
3.1. Polyphenols

Polyphenols are naturally occurring secondary plant metabolites found in every part
of most plants. Coffee contains over a thousand compounds, with an average of 355 mg of
polyphenols in a 180 mL serving [15]. This number can be anywhere from 1.5 to 5 times
higher in espresso [15]. The extent to which polyphenols appear in the beverage depends
on several factors, including the roasting process [92] and method of preparation [93].
Polyphenols have been shown to have a large variety of health benefits [94]. They have
been shown to decrease biomarkers of inflammation [95], exert positive hormonal effects on
menopausal women [91], and are associated with improved breast cancer prognosis [96,97].
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The four main sub-classes of polyphenols are flavonoids, lignans, phenolic acids, and
stilbenes, all of which can be found in a variety of common food sources, including tea,
coffee, whole grains, fruits, wine, flaxseed, and berries [98,99]. In fact, coffee has been shown
to contain the highest concentration of polyphenols per serving of any beverage [100]. Most
of the compounds discussed in this review fall under the category of lignans. Lignans
are secondary metabolites that are formed when phenylpropanoids dimerize through
oxidation [101]. They are natural antioxidants [102] and have demonstrated potential
to moderate diabetic hyperglycemia [103], reduce bodyweight [104], and lower blood
pressure [103].

3.2. Lignans and Their Metabolites
3.2.1. Secoisolariciresinol

Secoisolariciresinol (SL) is a plant lignan found in various food sources and is especially
abundant in flaxseed [105,106]. Because it is one of the few lignans with an oligomeric
structure, it is classified as a lignan macromolecule [107]. SL was shown to prevent the onset
of diabetes in streptozotocin (STZ)-induced diabetic mice in 75% of a testing sample [73].
There are several proposed mechanisms through which SL could have elicited this effect.
First, SL has been shown to convey antioxidant properties, which is a common characteristic
among polyphenols. More specifically, it has been posited to work as an ROS scavenger,
thereby decreasing the production of pancreatic malondialdehyde, which is an indicator
of ROS-mediated cytotoxicity [73]. SL has also been shown to play a role in the activation
of nuclear Nrf2, which increases the expression of hemeoxygenase-1 and Nqo1, both of
which have antioxidant properties [108,109]. SL-mediated diabetes prevention has also
been associated with the preservation of the reserve of pancreatic antioxidative agents in
diabetic rats [73]. Thus, SL may convey a protective effect on pancreatic beta-cells and
perhaps attenuate the oxidative stress and resultant inflammation that is associated with
T2D pathogenesis [73].

SL has also been shown to regulate the interactions between AMPK and FOXO3 [110]
(Tables 1 and 2). A decreased expression of FOXO3a has been shown to decrease apoptotic
activity, while the increased phosphorylation, and thus activation, of AMPK (Thr172)
leads to an increased glucose uptake and lower levels of biomarkers of inflammation [110]
(Table 1). SL was shown to decrease the FOXO3a and Bax levels while increasing the Bcl-2
protein levels in cardiomyocytes [111] (Table 2, Figure 2). This study was conducted in vivo
in 30 male rats at a concentration of 20 mg/kg bodyweight and in vitro with 500 µM of
secoisolariciresinol diglucoside (SDG) in H9c2 cardiomyocytes [110,111]. These changes in
protein levels correlate with lower incidence rates of apoptosis and inflammation [111].

Additionally, SL has been shown to increase the phosphorylation of Akt and IRS-1
in hepatocytes and C57BL/6J male mice with varying SDG concentrations (10, 100, and
1000 mg/kg/d) [112,113], which may contribute to improved glucose homeostasis by
inhibiting glycogenolysis and gluconeogenesis. Indeed, SL has been suggested to lower
glucose levels by decreasing PEPCK expression [114,115], which is a rate-limiting enzyme in
gluconeogenesis [115] (Table 1). The PEPCK study was performed in a primary hepatocyte
culture using 100 µM of SDG [115]. The activation of IRS-1 and Akt is also known to
promote GLUT4 translocation in adipocytes and skeletal muscle. Because SL has been
shown to contribute to the positive regulation of AMPK, Akt, and IRS-1 and the inhibition
of FOXO3a, it is likely that it either directly phosphorylates IRS-1 or a protein in the
AMPK/GLUT4 pathway (Figure 1). However, further research is needed to more clearly
discern this mechanism. These findings collectively suggest that SL has the potential to
promote euglycemia both indirectly by inhibiting the exacerbation of hyperglycemia caused
by hepatic insulin resistance and directly by promoting glucose disposal [73,115].
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Table 1. Summary of mechanisms through which each compound directly affects blood glucose
levels are highlighted. (+) indicates a positive effect and (−) indicates no significant effect. (*) denotes
an in vitro study, while (#) denotes an in vivo study.

PI3K/Akt/GLUT4
(Activation)

AMPK
(Activation)

MAPK
(Inhibition)

PEPCK
(Inhibition)

ERK
(Activation)

EDL + # − + * − + *
ENL + * + *# + * − + *
ML − − − − −
SL + *# + # − + * −
KL + *# + *# − − −
QN − − + *# − −
CA + # + *# − + # −

Table 2. Summary of mechanisms through which each compound attenuates T2D-associated path-
ways in the context of inflammation and pre-mature β-cell death. (+) indicates a positive effect, and
(−) indicates no significant effect. (*) denotes an in vitro study, while (#) denotes an in vivo study.

NF-κB
(Inhibition)

TNF-α
(Inhibition)

Bcl-2
(Activation)

FOXO-3a
(Inhibition)

PDX-1
(Activation)

EDL + # − − − −
ENL + * + * + * − −
ML − + * − − −
SL − − + * + *# −
KL − − − − + *
QN + * + * − − −
CA − − − − −

3.2.2. Enterodiol

Enterodiol (EDL) is a mammalian gut metabolite of SL, which involves a series of
steps facilitated by the gut microflora [116,117]. The deglycosylation of SL-diglucoside
(SDG) by β-glycosidases, produced by bacteria such as Bacteroides distasoni, forms SL [118].
Subsequent demethylation and dihydroxylation steps facilitated by bacteria, such as Bu-
tyribacterium methylotrophicum and Clostridium scindens, respectively, results in the final
product of EDL [118]. EDL is also the oxidation product of another phytoestrogen, entero-
lactone (ENL) (subsequently discussed) [119]. Both EDL and ENL have phenolic hydroxy
groups located only at the meta-position, distinguishing them from their plant lignan
counterparts [91].

As it pertains to T2D, EDL has been shown to inhibit triacylglycerol uptake in HEPA1-
6 cells and adipogenesis in fat cells [5] (Table 3). In fact, a recent study using colorectal
cancer cells indicated the association of EDL with the decreased phosphorylation of ERK,
JNK, and the p38 subunit of MAPK, all of which inhibit the MAPK pathway [116] (Table 1,
Figure 1). These effects were shown to slow the progression of colorectal cancer [116].
While this study most directly pertains to cancer, these effects are very much related to the
progression of T2D as well. The downregulation of the MAPK pathway has been correlated
with the increased translocation of GLUT4 to the cell membranes of adipocytes and skeletal
muscle cells, thus leading to increased glucose uptake and attenuating hyperglycemia [65]
(Table 1).

Additionally, like ENL, the presence of EDL has also been shown to inhibit NF-
κB, [120]. Another condition associated with T2D is leaky gut syndrome, in which
lipopolysaccharide (LPS) passes from the intestinal lumen, between the enterocytes, into
the blood stream and causes a state of chronic low-grade inflammation. LPS accomplishes
this by causing the degradation of I-κB, an inhibitor of NF-κB [120]. Both EDL and ENL
have been shown to prevent I-κB degradation, thus indirectly inhibiting the effects of
NF-κB and contributing to lower inflammation [120] (Table 2; Figure 2).
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Table 3. Summary of mechanisms through which each compound contributes to the attenuation of
select common T2D sequelae. (+) indicates a positive effect and (−) indicates no significant effect. (*)
denotes an in vitro study, while (#) denotes an in vivo study.

Triacylglycerol
Uptake

(Inhibition)

Lipid
Accumulation

(Inhibition)

Adipose
Triacylglycerol Lipase

(Activation)

Hormone
Sensitive Lipase

(Activation)

EDL + * + * − −
ENL + # + # − −
ML − + * − −
SL − − − −
KL − − + *# + *
QN − − − −
CA − − − −

3.2.3. Matairesinol

Matairesinol (ML) is a plant-derived dibenzylbutyrolactone lignan and, as previously
mentioned, is the precursor for ENL and an indirect precursor for EDL [91,121]. ML has
been shown to slow the progression of bodyweight gain, increased fat mass, adipocyte
size, and hepatic fat deposition, which are commonly associated with T2D [5]. Though
its effects on glucose disposal have not yet been directly reported, its gut metabolite,
ENL, has been shown to be effective [122], thus suggesting that ML might also have
the potential to promote blood glucose homeostasis. Indeed, ML administration caused
a 70% decrease in insulin secretion and improved glucose tolerance as well as insulin
sensitivity in a high-fat-diet-fed adipogenesis mouse model [5]. This was performed
in vitro using 3T3-L1 fibroblasts with concentrations of 0.01, 0.1, and 1 µM [5]. In addition,
biomarkers of inflammation including IL-6 and TNF-α expression were attenuated by
ML administration [5] (Table 2). The mechanism by which ML promotes these effects
is not completely clear, as the study noted elevated serum levels of EDL and ENL [5],
suggesting that the metabolites of ML are most directly responsible for these biological
effects. Further, it was shown that compared to ML, EDL and ENL had greater effects on
lipid accumulation inhibition in adipocytes and hepatocytes in vitro [5] (Table 2). Despite
the effects on lipid metabolism being most likely facilitated by the metabolites of ML, it is
still worth conducting a future investigation to further elucidate the means by which ML
promotes glucose tolerance, perhaps by evaluating its effect on acute insulin secretion and
glucose disposal.

3.2.4. Enterolactone

ENL is the oxidation product of ML and, like EDL, is formed in the mammalian gut
from its plant lignan precursor [91]. ENL has been shown to promote glucose uptake
in skeletal muscle [122]. This was demonstrated in an in vivo study with male db/db
mice using 0.001% and 0.01% ENL as well as an in vitro study of L6 myocytes using
concentrations of 0, 25, 50, and 100 µM ENL [122]. It has also been shown to inhibit hepatic
triacylglycerol uptake and adipogenesis in adipocytes [123] (Table 3). Moreover, there is
a negative correlation between T2D and the presence of ENL in urine, indicating ENL’s
potential anti-diabetic effects [122]. The mechanisms by which ENL accomplishes this
have been studied in the skeletal muscle of mice [122]. ENL does not increase glucose
uptake when an AMPK inhibitor is introduced [122]. While the specific mechanisms
from which ENL elicits its affects are still being characterized, the marked decrease in
glucose disposal when an AMPK inhibitor is introduced advances the notion that ENL
is somehow responsible for the phosphorylation and activation of AMPK and utilizes a
GLUT4-dependent mechanism for glucose uptake (Table 1).

ENL, similarly to other lignans and metabolites, has demonstrated abilities to mod-
ulate the activity of cellular signaling pathways involved in cancer cell proliferation and
cell cycle progression. Primarily, ENL’s regulation of CREB, ERK1/2, Bcl-2, and p38 sig-
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naling have been reported as the most evaluated mechanisms in which ENL attenuates
pathological states [124–126] (Tables 1 and 2). Studies evaluating the efficacy of ENL have
found significant decreases in cancer cell metastasis, proliferation, angiogenesis, and in-
vasion through the direct inhibition of the MAPK-p38 pathway [127–129]. This has been
demonstrated in MDA-MB-231 breast cancer cells using 25, 50, and 75 µM concentrations
of ENL [127]. CREB was also significantly inhibited by ENL, leading to a decrease in the
transcription of genes associated with inflammatory signaling [130] (Figure 2). The direct
modulation of the PI3K/Akt and insulin-like growth factor-1 receptor (IGF-1R) pathways
have also been examined, both of which play key roles in cancer cell proliferation [131–133].
This has been demonstrated in PC-3 prostate cancer cells using concentrations between 20
and 60 µM ENL [133].

The ability of ENL to directly bind and inhibit key proteins and receptors that are
necessary for cancer development, when coupled with its reported regulation of cytokine
production, demonstrates its potential to attenuate pathologies such as T2D. Pathologies
such as T2D require the production of pro-inflammatory cytokines, such as TNF-α, IL-1,
6, 8, and IKKβ [134]. ENL has shown to directly inhibit TNF-α, NF-κB, and IKKβ while
indirectly inhibiting IL-1, 6, and 8 in addition to other pro-inflammatory cytokines [120]
(Table 2). This was determined using THP-1 cells and varying concentrations between 0
and 1 mM [120].

These findings have propelled the applications of ENL into more clinical settings. In
addition to estrogen-dependent cancer treatments, ENL has been looked at as a potential
mediator for post-menopausal symptom onset [135]. Estrogen regulates the production
of luteinizing hormone (LH) and follicle-stimulating hormone (FSH) through a negative
feedback inhibition [135]. Once menopause occurs, estrogen secretion decreases, leading to
LH and FSH dysregulation and the onset of inflammatory symptoms such as skin flushing,
hypercholesterolemia, and atherosclerosis [135]. ENL, a phytoestrogen, has been reported to
bind to estrogen receptors, such as ERα and Erβ, to reduce cardiovascular pathologies [135].
Estrogen-mediated receptors such as these have been shown to exhibit an affinity for ENL
and other lignans. Studies have also shown that these estrogen receptors, being more
prevalent in patients with T2D, also modulate the translocation and expression of GLUT4
proteins [136]. Akin to the previously mentioned AMPK/GLUT4 hypothesis, there also
exists the proposal that estrogen-mediated macronutrient disposal may serve as a target for
future research with ENL and lignan efficacy driving the molecular mechanisms. Each of
these future research aims, when coupled, can compound the regulation of insulin-sensitive
tissues and demonstrate a multifaceted approach to elucidating glucose homeostasis in
patients with T2D.

3.3. Flavonoids
3.3.1. Kaempferol

Kaempferol (KL) is another polyphenol found naturally in coffee and has been
shown to have several health benefits, including being anti-inflammatory [137] and anti-
hypertensive [60]. Studies confirming its anti-hypertensive properties were performed
both in vitro in primary human skeletal muscle cells with 10 µM of KL and in vivo us-
ing skeletal muscle tissue collected from C57BL/6 male mice treated with 50 mg/kg
of bodyweight [60]. In the context of T2D, KL has been shown to regulate the lipid
metabolism [138–142], promote blood glucose homeostasis [143–147], improve the func-
tional β-cell mass [76,142,148–151], and promote a gut flora profile that has been shown to
be consistent with [152]. Studies demonstrating the KL-mediated regulation of the lipid
metabolism were performed in vitro on 3T3-L1 adipocytes with 60 µM of KL [141] and
in vivo in male C57BL/6J mice with 10 mg/mL bodyweight [140]. Its promotion of blood
glucose homeostasis was shown in vivo with apolipoprotein-E-deficient mice treated with
150 mg/kg of bodyweight [143], male Wistar rats treated with 50, 100, and 200 mg/kg
bodyweight (kaempferitrin) [144], and with C57BL/6 mice treated with 50 mg/kg of body-
weight [147]. The ability of KL to improve the β-cell mass was shown in INS-1E cells
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treated with 0.1, 1, and 10 µM of KL [76,150,151] and on RIN-5F cells treated with 10 µM of
KL [148]. Its promotion of a healthy gut flora profile was demonstrated in C57BL/6 cells
treated with 200 mg/kg of bodyweight [152].

To elicit such a broad range of anti-diabetic activity, it is likely that KL either employs
a multi-faceted range of mechanistic activity or regulates a central regulator of multiple
metabolic pathways. Indeed, multiple studies have shown that KL works by activating
AMPK [60,148,149]. This was demonstrated in primary human skeletal muscle cells treated
with 10 µM of KL and in C57BL/6 male mice treated with 50 mg/kg of bodyweight [60].
AMPK is activated allosterically by an increased ratio of AMP:ATP as well as covalently by
several mediators, including LKB1 and calmodulin-dependent kinase kinase β (CAMKKβ),
which is activated by increased levels of calcium. Thus, AMPK is activated by various
indicators of cellular stress and a negative energy balance.

As it pertains to the regulation of fat metabolism, AMPK activates malonyl-CoA de-
carboxylase (MCD) and inhibits acetyl-CoA carboxylase (ACC). In the post-prandial state,
ACC converts acetyl-CoA to malonyl-CoA, which blocks carnitine palmityl transferase 1
(CPT1), thus preventing the entry of fatty acids into the mitochondria, where they would
otherwise be oxidized. In the fasted state, MCD converts malonyl-CoA back to acetyl-CoA,
which then allows CPT1 to facilitate the transport of fatty acids across the mitochondrial
membrane complex to allow for β-oxidation. Thus, by activating AMPK, KL has been
shown to covalently inhibit ACC in adipose, liver, and muscle tissues, thereby promoting
fatty acid oxidation [153]. In addition, KL has been shown to stimulate lipolysis by pro-
moting the expression of adipose triacylglycerol lipase and hormone-sensitive lipase [141]
(Table 3). This was shown in 3T3-L1 adipocytes treated with 60 µM of KL [141].

In addition to promoting the catabolism of stored fat, kaempferol has also been shown
to stimulate glucose uptake in skeletal muscle via an AMPK-dependent mechanism, per-
haps via the PI3K/Akt pathway, in a manner that is independent of the insulin receptor [60]
(Table 1). This is consistent with the findings from an animal study, in which STZ-induced
diabetic rats that were administered with KL had reduced blood glucose levels [154]. This
study also showed that the plasma insulin levels were higher in rats treated with KL [154].
As AMPK is activated by CAMKKβ, which is activated by elevated Ca2+ levels, these data
collectively support the rationale that KL may act to regulate intracellular calcium levels.
Indeed, KL has been shown to activate a mitochondrial calcium uniporter [155], which
plays a role in directing glucose-stimulated insulin secretion in pancreatic β-cells [150]. KL
has also been shown to activate PDX-1 in INS-1E cells treated with 0.1, 1, and 10 µM of KL,
which was consistent with increased cAMP, which is also required for insulin secretion [76]
(Table 2, Figure 2). PDX-1 is also regulated by AMPK [156], further suggesting its role in
KL-mediated glucose homeostasis.

Despite the wide array of data surrounding the mode of action of KL, whether it
promotes AMPK activity directly or indirectly by activating a complex upstream, such
as CAMKKβ, remains unknown [60] and warrants further investigation. A recent study
also showed that KL may potentially decrease T2D risk and increase glucose uptake by
activating PDX-1, which, as described above, can improve β-cell health and promote
glucose uptake into the cell from the bloodstream [36].

3.3.2. Quercetin

Quercetin (QN) is another polyphenol found in coffee, with health benefits ranging
from neurological to metabolic [157]. A recent study, performed on both human THP-1
monocytes and U373 astrocytoma cells treated with 0.1, 0.3, 1, 3, 10, 30, 100, 300, and
1000 µg/mL concentrations of KL, showed that 100 g of coffee beans included approxi-
mately 200 mg of QN [157]. One study showed that QN diminished the TNF-α-induced
expression of pro-inflammatory mediators COX-2, iNOS, NF-kB, p65, and VCAM-1 [158]
(Table 2). QN has also been demonstrated to effectively attenuate inflammation and acti-
vate cellular pathways that promote the neutralization of ROS, including the p38 MAPK
pathway in skeletal muscle [159]. This study was performed on L6 myoblasts treated with
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10 and 100 µM of KL [157]. QN has also been shown to inhibit the release of TNF-α and
IL-6, resulting in the inhibition of the p38 MAPK pathway [145,157] (Table 1, Figure 2). QN
has also been shown to elicit antioxidant effects by increasing glutathione production in
glial cells, which serves as a reducing agent in the neutralization of ROS [157]. The ability
of QN to neutralize ROS and decrease the secretion of pro-inflammatory mediators may
have anti-diabetic implications and should be further investigated in this context. Indeed,
several polyphenols have been shown to attenuate inflammation-mediated insulin signal-
ing dysregulation [160]. More specifically, resveratrol, like QN, has been shown to increase
diabetes-mediated decreases in glutathione levels, which has been linked to improvements
in diabetic retinopathy [161]. Because of the structural and mechanistic similarities, QN
may also play a role in attenuating secondary T2D sequelae, such as diabetic retinopathy.

3.4. Phenolic Acids
Chlorogenic Acids

The structure of chlorogenic acid (CA) encompasses both caffeic and quinic acids, as
it is an ester of the two [162]. CA is formed in plants throughout the process of aerobic
respiration and has been utilized in traditional Chinese medicine for some time [163]. CA
is the most abundant of all the polyphenols found in coffee [164], comprising 5–10% of
the coffee bean, which is substantial given that caffeine only comprises 1–2% [165]. CA
has been shown to have multiple health benefits, including decreased levels of plasma
triglycerides and cholesterol, the slowing of weight gain, reduced hyperglycemia, and
attenuated insulin resistance [163].

Exposing HepG2 cells to CA resulted in greater insulin sensitivity [163]. In skeletal
muscle cells, CA attenuated an insulin-induced blunting of IRS-1 expression, as well as
PI3K/Akt activation, which translated to increased GLUT4 levels [163] (Table 1, Figure 1).
As seen with KL studies, the effects of CA on these mediators of glucose homeostasis
were likely dependent on AMPK, as knocking out AMPK significantly blunted the CA-
mediated results [163,166]. This effect was seen in both in vivo and in vitro studies treating
male db/db mice with 250 mg/mL of CA and L6 mytotubes with 2 mmol/L of CA, re-
spectively [166]. This suggests that the role of CA in stimulating GLUT4 translocation to
the membrane is the phosphorylation and activation of AMPK [163] (Table 1). Another
study performed by treating male Sprague Dawley rat muscle with 1 mM of CA further
indicated that caffeic acid, a metabolite of CA, promotes AMPK phosphorylation in skele-
tal muscle [167]. While these data are intriguing, more work needs to be conducted to
distinguish between the effects elicited by caffeic acid and those elicited by CA, as CA
is readily converted into caffeic and quinic acids [167]. Among the chlorogenic acids are
a variety of other acids, including caffeoylquinic acid (CQA), feruloylquinic acid, and
p-coumaaroylquinic acid, which possess antibacterial, anti-inflammatory, and antioxidant
properties [168]. More specifically, CQA has demonstrated many anti-diabetic effects,
including decreased bodyweight, lower blood glucose levels, and improved inflamma-
tion [169]. This study was performed on 60 db/db mice and 12 C57BL/6 mice by treating
them with 50, 100, and 200 mg of Pandanus tectoruis fruit containing large quantities of
CGA per kg bodyweight [169]. This was also accomplished through the phosphorylation of
AMPK and Akt, increasing the presence of GLUT4 transporters in the skeletal muscle [169].
Additionally, it upregulated the activity of hexokinase, a major player in the glycolysis
pathway, while decreasing that of glucose-6-phosphate and phosphoenolpyruvate car-
boxykinase, hindering the process of gluconeogenesis [169] (Table 1, Figure 1). This further
contributes to lower glucose levels in the blood and slows the progression of T2D.

3.5. Stilbenes

Stilbenes have also been found to exist naturally in coffee. Specifically, resveratrol
(RTL) and dihydroxy-resveratrol (DR2) have been extensively investigated as potential
anti-diabetic agents [170,171].
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Clinically, RTL has been shown to significantly reduce HbA1c, inflammation, and
oxidative stress while also restoring homeostatic blood glucose regulation in patients
with T2D [172]. Specifically, significant reductions in IL-6, TNF-α, and highly sensitive-C
reactive protein were reported after a 24-week protocol at 200 mg of RTL/day in patients
with diabetes [172]. With respect to glucose regulation, similar to the lignans, RTL has
demonstrated an ability to promote the expressions of AMPK, Akt, PI3K, and GLUT4 in
rat models [173–175]. These studies were performed on male Sprague Dawley rats treated
with 2.5 mg/kg of RTL [173] and male Wistar rats treated with 0.05, 0.1, 0.5, 3.0, 6.0, and
10.0 mg/kg of RTL [175].

DR2, a gut-microbial metabolite of RTL, has also been studied for its potential in the at-
tenuation of metabolic and endocrine pathologies. Recent findings show that DR2 activates
AMPK/SIRT1 signaling proteins, which effectively inhibit p38/MAPK proteins, blunting
adipocyte maturation in 3T3-L1 adipocytes [176]. Moreover, DR2 exhibits efficacy in modu-
lating intracellular lipid accumulation through the phosphorylation of ACC, alleviating
lipid peroxidation in hepatocytes, and enhancing insulin sensitivity via an Akt-dependent
manner in insulin-resistant HepG2 and C2C12 cell lines [176]. This study was performed
on 3T3-L1 adipocytes treated with 20, 40, and 80 µM of DR2 or 40 µM of RTL and on human
hepatocarcinoma HepG2 cells treated with 10, 20, and 40 µM of DR2 [176]. DR2 has also
been shown to reduce the expression of secreted embryonic alkaline phosphatase proteins
by activating the TLR-4/NF-κB signaling pathway [177]. This study was performed on
male CD-1 mice treated with 4.6 mg/kg of RTL [177]. Overall, the effects of stilbenes,
with RTL and DR2 being those most evidenced to affect T2D pathogenesis, have been well
reviewed [178–183] and are viable candidates for further investigation as to their potential
to ameliorate T2D.

3.6. Factors Affecting Polyphenol Content in Brewed Coffee
3.6.1. Roasting

The majority of the coffee that can be purchased in a typical market is produced
from two species, Coffea arabica (Arabica) and Coffea canephora syn Coffea robusta (Robusta).
As a rule, the antioxidant capacity and polyphenol content are higher in Robusta coffee
compared to Arabica coffee [184]. However, other studies have shown that the roast
level (light, medium, or dark) is a greater determinant of the polyphenol content in the
final consumed beverage than the type of coffee [185]. During the first few minutes of
roasting, phenolic compounds increase because of the high temperature promoting the
generation and release of antioxidants [186], but subsequently decrease with increased
roast levels [184]. Thus, lighter roasted coffee has the largest percentage of polyphenols
and antioxidants present [164]. Of course, green coffee contains a higher concentration
of polyphenols compared to medium and darker roasted coffee, but roasting is widely
considered to improve the sensory quality [187].

3.6.2. Method of Brewing

The method of brewing affects the polyphenol composition of coffee, though some
studies show that the difference is more drastic than others. Several popular methods of
brewing include the use of a drip maker, French press, pour over (V60), percolator, and
AeroPress [188]. Interestingly, despite Robusta beans being higher in polyphenols than
Arabica beans, changing the brewing method can allow for the extraction of a similar or
even higher percentage of polyphenols from Arabica beans [189]. Specifically, a drip maker
can allow for a very similar concentration of polyphenols, while using a percolator may
allow for an even higher percent extraction of polyphenols from Arabica beans [188,189].
One study comparing the effects of a drip maker, percolator, and AeroPress showed that
the AeroPress gave significantly lower yields of total phenolic compounds and lower
antioxidant activity compared to the other two methods [188]. Another study showed that
the percolator, compared to a drip maker and pour over method, allows for the greatest
extraction of polyphenols regardless of whether the beans are Arabica, Robusta, or even
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decaffeinated [189]. The percolator has also been shown to be more effective in producing
a brew that is higher in antioxidant capacity compared to the drip maker and the French
press; however, the same study found that the percolator did not yield a significantly higher
concentration of phenolic compounds than either the French press or the drip maker [190].
Studies have also shown that phenolic compounds are isolated to a greater extent with
the espresso method compared to other methods, including lungo and ristretto, which are
subcategories of espresso [190,191].

3.6.3. Organic Cultivation and Common Processing Methods

Interestingly, the presence of bioactive compounds in general, including phenolic
compounds and polyphenols, especially of CA, was found to be greater in organic coffee
than in normal coffee [164]. It is hypothesized that the lack of mineral fertilizers and
pesticides causes the plants to synthesize more polyphenols in order to protect themselves
and thrive, as polyphenols are known to be natural pesticides for the plant [164,192,193].

The so-called coffee “bean” is a processed seed from a cherry-like fruit. The three
most common methods of processing the fruit to the end of harvesting the seed, which is
subsequently roasted, are honeying, natural, and washing. The honeying process removes
the skin and part of the pulp of the ripe fruit and then leaves the bean, still containing
some of the pulp, to dry for roughly two weeks on African raised beds. The natural process
allows the entire intact coffee cherry to be left to dry on African raised beds in the sun,
which takes roughly five weeks. The washing method completely de-pulps the fruit and
then lets the bean soak and ferment for roughly two days before washing and cleaning
any remaining fruit and leaving the bean to dry. While the research is limited as to how
this affects the polyphenol content, one recent study showed that the highest polyphenol
content of these three processes was found in washed Nicaraguan beans, with the lowest
polyphenol content being found in honeyed Nicaraguan beans [194]. Interestingly, the
CA content was the highest in naturally processed Peruvian beans, with the honeyed
Nicaraguan beans containing the smallest CA content [194]. The CA content in the beans
with these processing methods was consistent with the overall antioxidant capacity [194].
The limitations of this study are that not all of the analyzed beans were processed in all
three ways. Thus, the differences could be a result of the origin of the coffee beans rather
than the processing method. Further research should be conducted to more definitively
determine which of these processing methods yields the highest polyphenol content and
oxidative capacity.

3.6.4. Milk

Coffee is often consumed with milk to mitigate the perceived bitter taste. Many typical
espresso-containing beverages, including lattes, flat whites, and macchiatos, are mostly
milk. This begs the following question: does the addition of milk affect the beneficial
properties of coffee? While the available research is limited, the contents of total phenols
and CA as well as the antioxidant capacity have indeed been shown to significantly decrease
in coffee with the addition of milk [195]. This is thought to be due to the chemical nature of
casein, which is the major class of proteins found in dairy products, being hydrophobic with
a high charge [196]. It has been suggested that non-covalent interactions between proteins
and phenolic compounds are largely hydrophobic interactions, which are stabilized by
hydrogen bonds [197]. A more recent study using green tea flavonoids demonstrated
that this is indeed the case [198]. Thus, more work is needed in this field to specifically
determine the extent to which the biological effects of each individual compound are
affected by milk. However, the currently available data suggest that black coffee is the
most conducive to reaping the maximal potential health benefits from the polyphenols and
antioxidants found in coffee.
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4. Conclusions and Future Directions

Overall, each of these compounds has been shown to convey some sort of anti-diabetic
effect, whether it is directly related to glucose uptake and homeostasis, inflammation, β-cell
protection, or some other mechanism. The available research suggests that the polyphenols
found in coffee convey strong anti-inflammatory and antioxidant effects. Specifically,
EDL and QN have been shown to inhibit the p38 subunit of the MAPK pathway, thus
downregulating the production of inflammatory cytokines such as TNF-α and IL-6. SL
has the ability to attenuate the production of ROS and subsequent β-cell damage. Most of
the polyphenols discussed are further able to promote β-cell health in some way. KL has
the ability to stimulate the activation of PDX-1, eventually improving the functional β-cell
mass and function. EDL increases the expression of GLUT2, which can lead to decreased
blood glucose by promoting an increased intracellular ATP:ADP ratio that culminates in
cAMP activation and insulin secretion. ENL, CL, and CA have all been demonstrated to
affect the AMPK pathway. This activation of AMPK allows PIP2 to be phosphorylated to
PIP3, triggering the PI3K/Akt pathway, which promotes the translocation of GLUT4 to
the cell membrane, subsequently facilitating glucose disposal in adipocytes and skeletal
muscle tissue.

Because many of these compounds have been studied in relation to their anti-diabetic
effects on skeletal muscle, it would be beneficial to elucidate these effects and their mecha-
nisms in adipose tissue as well. Adipose tissue is largely responsible for glucose uptake
and plays a significant endocrine role with respect to metabolic regulation [199]. For ex-
ample, leptin and adiponectin are both produced by adipose tissue and have the potential
to exhibit anti-diabetic effects [35]. A recent study indicated increased adiponectin and
decreased leptin levels in response to coffee consumption [35]. The same study showed an
anti-inflammatory effect by promoting increased levels of anti-inflammatory cytokines and
decreased levels of pro-inflammatory cytokines [35]. The potential that the mechanisms
of the reviewed polyphenols contributed to this effect is very likely. Because compounds
such as EDL and ENL are phytoestrogens, the hormonal effects could compound with
the metabolic effects in both positive and negative ways. Especially because the loss of
estrogen in postmenopausal women results in an increase in T2D, the mechanisms through
which these compounds work could be in a manner similar to estrogen [87]. Knowing and
understanding how these compounds influence various systems and types of tissue is the
next step in pursuing this as a potential means of T2D treatment and can even elucidate new
benefits. Additionally, other than the fact that these compounds naturally exist together
in various food items, their synergistic effects have not been extensively tested. This is
another warranted area of future work that is necessary to maximize the efficacy of the use
of polyphenols in mitigating T2D.

To apply these data in terms of coffee consumption, as with most naturally occurring
compounds found in food sources, it is unlikely that the levels of these compounds used
in these studies can be achieved merely by consuming more coffee. That is not to say
that there may be some benefit to coffee consumption. While there are many variables
involved in bringing a coffee bean from a farm to a cup, studies aiming to investigate this
are limited. However, the available data seem to suggest that espresso or a percolator for
non-espresso brews, brewing an organic, lightly roasted coffee, which was processed either
by the washing or natural method, without milk, may be the optimal method in terms of
achieving the highest levels of polyphenols and antioxidant capacity. Research seems to
suggest that the addition of milk may be the greatest hindrance to achieving the maximum
health benefits of coffee. Other than that, the summation of the available literature suggests
that cultivation/processing/roasting/brewing methods do not significantly affect the
potential health benefits of coffee. Thus, coffee is an excellent source of polyphenols and
antioxidants regardless of most of these variables. Other variables that may affect the
polyphenol content and antioxidant capacity of a coffee beverage, including the origin of
the beans [188], are not reviewed here due to either lacking significant associations with
the polyphenol content or a scarcity of works in the literature regarding their effects.



Molecules 2024, 29, 751 17 of 24

Funding: The APC was funded by the Liberty University Office of Sponsored Programs and Research.

Acknowledgments: We thank the Liberty University Department of Biology and Chemistry and the
Office of Sponsored Programs & Research for their support of ongoing work in our lab. We also thank
Gregory Raner for his input and support during the development of this review.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Centers for Disease Control and Prevention. National Diabetes Statistics Report Website. Available online: https://www.cdc.

gov/diabetes/data/statistics-report/index.html (accessed on 20 November 2023).
2. Li, T.; Wang, X.; Ju, E.; da Silva, S.R.; Chen, L.; Zhang, X.; Wei, S.; Gao, S. RNF167 activates mTORC1 and promotes tumorigenesis

by targeting CASTOR1 for ubiquitination and degradation. Nat. Commun. 2021, 12, 1055. [CrossRef] [PubMed]
3. Regué, L.; Wang, W.; Ji, F.; Avruch, J.; Regué, L.; Wang, W.; Ji, F.; Avruch, J.; Wang, H.; Dai, N. Human T2D-Associated Gene

IMP2/IGF2BP2 Promotes the Commitment of Mesenchymal Stem Cells Into Adipogenic Lineage. Diabetes 2023, 72, 33–44.
[CrossRef] [PubMed]

4. Zhang, X.; Yang, S.; Chen, J.; Su, Z. Unraveling the Regulation of Hepatic Gluconeogenesis. Front. Endocrinol. 2019, 9, 802.
[CrossRef] [PubMed]

5. Biasiotto, G.; Zanella, I.; Predolini, F.; Archetti, I.; Cadei, M.; Monti, E.; Luzzani, M.; Pacchetti, B.; Mozzoni, P.; Andreoli, R.; et al.
7-Hydroxymatairesinol improves body weight, fat and sugar metabolism in C57BJ/6 mice on a high-fat diet. Br. J. Nutr. 2018, 120,
751–762. [CrossRef] [PubMed]

6. Szczech, L.A.; Stewart, R.C.; Su, H.; DeLoskey, R.J.; Astor, B.C.; Fox, C.H.; McCullough, P.A.; Vassalotti, J.A. Primary care detection
of chronic kidney disease in adults with type-2 diabetes: The ADD-CKD Study (awareness, detection and drug therapy in type 2
diabetes and chronic kidney disease). PLoS ONE 2014, 9, e110535. [CrossRef] [PubMed]

7. Sowers, J.R.; Epstein, M.; Frohlich, E.D.; Sowers, J.R.; Epstein, M.; Frohlich, E.D. Diabetes, Hypertension, and Cardiovascular
Disease. Hypertension 2001, 37, 1053–1059. [CrossRef] [PubMed]

8. Gragnoli, C.; Gragnoli, C. Proteasome modulator 9 gene is linked to diabetic and non-diabetic retinopathy in T2D. Ophthalmic
Genet. 2011, 32, 228–230. [CrossRef] [PubMed]

9. Obrosova, I.G.; Ilnytska, O.; Lyzogubov, V.V.; Pavlov, I.A.; Mashtalir, N.; Nadler, J.L.; Drel, V.R. High-Fat Diet-Induced Neuropathy
of Pre-Diabetes and Obesity: Effects of “Healthy” Diet and Aldose Reductase Inhibition. Diabetes 2007, 56, 2598–2608. [CrossRef]

10. de Godoy, J.M.P.; Tazinaffo, G.; Christo, B.; Godoy, M.D.G. Diabetes as an Isolated Cause of Minor Lower Limb Amputations.
Med. Bull. Sisli Etfal Hosp. 2022, 56, 509–512. [CrossRef]

11. Marín-Peñalver, J.J.; Martín-Timón, I.; Sevillano-Collantes, C.; Del Cañizo-Gómez, F.J. Update on the treatment of type 2 diabetes
mellitus. World J. Diabetes 2016, 7, 354–395. [CrossRef]

12. Sheahan, K.H.; Wahlberg, E.A.; Gilbert, M.P. An overview of GLP-1 agonists and recent cardiovascular outcomes trials. Postgrad.
Med. J. 2019, 96, 156–161. [CrossRef] [PubMed]

13. Khan, M.A.B.; Hashim, M.J.; King, J.K.; Govender, R.D.; Mustafa, H.; Al Kaabi, J. Epidemiology of Type 2 Diabetes—Global
Burden of Disease and Forecasted Trends. J. Epidemiol. Glob. Health 2020, 10, 107–111. [CrossRef]

14. Carlstrom, M.; Larsson, S.C.; Carlström, M.; Larsson, S.C. Coffee consumption and reduced risk of developing type 2 diabetes: A
systematic review with meta-analysis. Nutr. Rev. 2018, 76, 395–417. [CrossRef] [PubMed]

15. Fukushima, Y.; Ohie, T.; Yonekawa, Y.; Yonemoto, K.; Aizawa, H.; Mori, Y.; Watanabe, M.; Takeuchi, M.; Hasegawa, M.; Taguchi,
C.; et al. Coffee and green tea as a large source of antioxidant polyphenols in the Japanese population. J. Agric. Food Chem. 2009,
57, 1253–1259. [CrossRef] [PubMed]

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

17. 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] [PubMed]

18. Van Dam, R.M.; Hu, F.B. Coffee Consumption and Risk of Type 2 Diabetes. JAMA 2005, 294, 97. [CrossRef]
19. Rai, U.; Kosuru, R.; Prakash, S.; Singh, S.P.; Birla, H.; Tiwari, V.; Singh, S. Tetramethylpyrazine prevents diabetes by activating

PI3K/Akt/GLUT-4 signalling in animal model of type-2 diabetes. Life Sci. 2019, 236, 116836. [CrossRef]
20. Hu, J.; Liu, X.; Chi, J.; Che, K.; Hu, J.; Liu, X.; Chi, J.; Che, K.; Feng, Y.; Zhao, S.; et al. Expressions of IGF-1, ERK, GLUT4, IRS-1 in

metabolic syndrome complicated with colorectal cancer and their associations with the clinical characteristics of CRC. Cancer
Biomark. 2018, 21, 883–891. [CrossRef]

21. Fatchiyah, F.; Christian, N.; Soeatmadji, D. Reducing IRS-1 Activation Cause Mutation of Tyrosine Kinase Domain hINSR Gene
on Type-2 Diabetes Mellitus Patients. Bioinformation 2013, 9, 853–857. [CrossRef]

22. Sun, X.J.; Crimmins, D.L.; Myers, M.G.J.; Miralpeix, M.; White, M.F. Pleiotropic insulin signals are engaged by multisite
phosphorylation of IRS-1. Mol. Cell. Biol. 1993, 13, 7418–7428. [CrossRef]

23. White, M.F.; White, M.F. IRS proteins and the common path to diabetes. Am. J. Physiol. 2002, 283, E413–E422. [CrossRef] [PubMed]
24. Robey, R.B.; Hay, N. Is Akt the “Warburg kinase”?—Akt-energy metabolism interactions and oncogenesis. Semin. Cancer Biol.

2009, 19, 25–31. [CrossRef]

https://www.cdc.gov/diabetes/data/statistics-report/index.html
https://www.cdc.gov/diabetes/data/statistics-report/index.html
https://doi.org/10.1038/s41467-021-21206-3
https://www.ncbi.nlm.nih.gov/pubmed/33594058
https://doi.org/10.2337/db21-1087
https://www.ncbi.nlm.nih.gov/pubmed/36219823
https://doi.org/10.3389/fendo.2018.00802
https://www.ncbi.nlm.nih.gov/pubmed/30733709
https://doi.org/10.1017/S0007114518001824
https://www.ncbi.nlm.nih.gov/pubmed/30105962
https://doi.org/10.1371/journal.pone.0110535
https://www.ncbi.nlm.nih.gov/pubmed/25427285
https://doi.org/10.1161/01.HYP.37.4.1053
https://www.ncbi.nlm.nih.gov/pubmed/11304502
https://doi.org/10.3109/13816810.2011.592174
https://www.ncbi.nlm.nih.gov/pubmed/21728808
https://doi.org/10.2337/db06-1176
https://doi.org/10.14744/SEMB.2022.34979
https://doi.org/10.4239/wjd.v7.i17.354
https://doi.org/10.1136/postgradmedj-2019-137186
https://www.ncbi.nlm.nih.gov/pubmed/31801807
https://doi.org/10.2991/jegh.k.191028.001
https://doi.org/10.1093/nutrit/nuy014
https://www.ncbi.nlm.nih.gov/pubmed/29590460
https://doi.org/10.1021/jf802418j
https://www.ncbi.nlm.nih.gov/pubmed/19187022
https://doi.org/10.3390/nu13041144
https://doi.org/10.1007/s00394-013-0603-x
https://www.ncbi.nlm.nih.gov/pubmed/24150256
https://doi.org/10.1001/jama.294.1.97
https://doi.org/10.1016/j.lfs.2019.116836
https://doi.org/10.3233/CBM-170942
https://doi.org/10.6026/97320630009853
https://doi.org/10.1128/mcb.13.12.7418
https://doi.org/10.1152/ajpendo.00514.2001
https://www.ncbi.nlm.nih.gov/pubmed/12169433
https://doi.org/10.1016/j.semcancer.2008.11.010


Molecules 2024, 29, 751 18 of 24

25. Vishnu Prasad, C.N.; Anjana, T.; Banerji, A.; Gopalakrishnapillai, A. Gallic acid induces GLUT4 translocation and glucose uptake
activity in 3T3-L1 cells. FEBS Lett. 2010, 584, 531–536. [CrossRef] [PubMed]

26. Copps, K.D.; White, M.F. Regulation of insulin sensitivity by serine/threonine phosphorylation of insulin receptor substrate
proteins IRS1 and IRS2. Diabetologia 2012, 55, 2565–2582. [CrossRef]

27. Huang, X.; Liu, G.; Guo, J.; Su, Z. The PI3K/AKT pathway in obesity and type 2 diabetes. Int. J. Biol. Sci. 2018, 14, 1483–1496.
[CrossRef] [PubMed]

28. Schultze, S.M.; Hemmings, B.A.; Niessen, M.; Tschopp, O. PI3K/AKT, MAPK and AMPK signalling: Protein kinases in glucose
homeostasis. Expert. Rev. Mol. Med. 2012, 14, e1. [CrossRef] [PubMed]

29. Tang, B.; Tang, F.; Wang, Z.; Qi, G.; Liang, X.; Li, B.; Yuan, S.; Liu, J.; Yu, S.; He, S. Upregulation of Akt/NF-κB-regulated
inflammation and Akt/Bad-related apoptosis signaling pathway involved in hepatic carcinoma process: Suppression by carnosic
acid nanoparticle. Int. J. Nanomed. 2016, 11, 6401–6420. [CrossRef]

30. Sun, J.; Ni, Q.; Xie, J.; Xu, M.; Sun, J.; Ni, Q.; Xie, J.; Xu, M.; Zhang, J.; Kuang, J.; et al. β-Cell Dedifferentiation in Patients with
T2D with Adequate Glucose Control and Nondiabetic Chronic Pancreatitis. J. Clin. Endocrinol. Metab. 2019, 104, 83–94. [CrossRef]

31. Koster, J.C.; Permutt, M.A.; Nichols, C.G. Diabetes and Insulin Secretion: The ATP-Sensitive K+ Channel (KATP) Connection.
Diabetes 2005, 54, 3065–3072. [CrossRef]

32. Zhang, H.; Kong, Q.; Wang, J.; Jiang, Y.; Hua, H. Complex roles of cAMP-PKA-CREB signaling in cancer. Exp. Hematol. Oncol.
2020, 9, 32. [CrossRef] [PubMed]

33. Lv, L.; Chen, H.; Sun, J.; Lu, D.; Lv, L.; Chen, H.; Sun, J.; Lu, D.; Chen, C.; Liu, D. PRMT1 promotes glucose toxicity-induced β cell
dysfunction by regulating the nucleo-cytoplasmic trafficking of PDX-1 in a FOXO1-dependent manner in INS-1 cells. Endocrine
2015, 49, 669–682. [CrossRef] [PubMed]

34. Usher, E.T.; Showalter, S.A. Biophysical insights into glucose-dependent transcriptional regulation by PDX1. J. Biol. Chem. 2022,
298, 102623. [CrossRef] [PubMed]

35. Osama, H.; Abdelrahman, M.A.; Madney, Y.M.; Harb, H.S.; Saeed, H.; Abdelrahim, M.E.A. Coffee and type 2 diabetes risk: Is the
association mediated by adiponectin, leptin, c-reactive protein or Interleukin-6? A systematic review and meta-analysis. Int. J.
Clin. Pract. 2021, 75, e13983. [CrossRef] [PubMed]

36. Wang, H.; Iezzi, M.; Theander, S.; Antinozzi, P.A.; Gauthier, B.R.; Halban, P.A.; Wollheim, C.B. Suppression of Pdx-1 perturbs
proinsulin processing, insulin secretion and GLP-1 signalling in INS-1 cells. Diabetologia 2005, 48, 720–731. [CrossRef] [PubMed]

37. Speelman, T.; Dale, L.; Louw, A.; Verhoog, N.J.D. The Association of Acute Phase Proteins in Stress and Inflammation-Induced
T2D. Cells 2022, 11, 2163. [CrossRef] [PubMed]

38. Marroqui, L.; Masini, M.; Merino, B.; Grieco, F.A.; Millard, I.; Dubois, C.; Quesada, I.; Marchetti, P.; Cnop, M.; Eizirik, D.L.
Pancreatic α Cells are Resistant to Metabolic Stress-induced Apoptosis in Type 2 Diabetes. EBioMedicine 2015, 2, 378–385.
[CrossRef] [PubMed]

39. Liu, C.; Fonken, L.K.; Wang, A.; Maiseyeu, A.; Bai, Y.; Wang, T.; Maurya, S.; Ko, Y.; Periasamy, M.; Dvonch, T.; et al. Central IKKβ

inhibition prevents air pollution mediated peripheral inflammation and exaggeration of type II diabetes. Part. Fibre Toxicol. 2014,
11, 53. [CrossRef] [PubMed]

40. Cai, D.; Liu, T. Hypothalamic inflammation: A double-edged sword to nutritional diseases. Ann. N. Y. Acad. Sci. 2011, 1243,
E1–E39. [CrossRef] [PubMed]

41. Sahu, A. Leptin signaling in the hypothalamus: Emphasis on energy homeostasis and leptin resistance. Front. Neuroendocrinol.
2003, 24, 225–253. [CrossRef]

42. Hyun, U.; Sohn, J. Autonomic control of energy balance and glucose homeostasis. Exp. Mol. Med. 2022, 54, 370–376. [CrossRef]
[PubMed]

43. van Loo, G.; Bertrand, M.J.M. Death by TNF: A road to inflammation. Nat. Rev. Immunol. 2023, 23, 289–303. [CrossRef] [PubMed]
44. van Horssen, R.; ten Hagen, T.L.M.; Eggermont, A.M.M. TNF-α in Cancer Treatment: Molecular Insights, Antitumor Effects, and

Clinical Utility. Oncologist 2006, 11, 397–408. [CrossRef] [PubMed]
45. Webster, J.D.; Vucic, D. The Balance of TNF Mediated Pathways Regulates Inflammatory Cell Death Signaling in Healthy and

Diseased Tissues. Front. Cell Dev. Biol. 2020, 8, 385. [CrossRef] [PubMed]
46. Li, J.; Ji, T.; Su, S.; Zhu, Y.; Chen, X.; Shang, E.; Guo, S.; Qian, D.; Duan, J. Mulberry leaves ameliorate diabetes via regulating

metabolic profiling and AGEs/RAGE and p38 MAPK/NF-κB pathway. J. Ethnopharmacol. 2022, 283, 114713. [CrossRef] [PubMed]
47. Tan, B.L.; Norhaizan, M.E. Effect of High-Fat Diets on Oxidative Stress, Cellular Inflammatory Response and Cognitive Function.

Nutrients 2019, 11, 2579. [CrossRef]
48. Restaino, R.M.; Deo, S.H.; Parrish, A.R.; Fadel, P.J.; Padilla, J. Increased monocyte-derived reactive oxygen species in type 2

diabetes: Role of endoplasmic reticulum stress. Exp. Physiol. 2017, 102, 139–153. [CrossRef]
49. Elksnis, A.; Martinell, M.; Eriksson, O.; Espes, D. Heterogeneity of Metabolic Defects in Type 2 Diabetes and Its Relation to

Reactive Oxygen Species and Alterations in Beta-Cell Mass. Front. Physiol. 2019, 10, 107. [CrossRef]
50. Lontchi-yimagou, E.; Sobngwi, E.; Matsha, T.E.; Kengne, A.P. Diabetes Mellitus and Inflammation. Curr. Diabetes Rep. 2013, 13,

435–444. [CrossRef]
51. Hossain, R.; Kim, K.; Li, X.; Lee, H.J.; Lee, C.J. Involvement of IKK/IkBα/NF-kB p65 Signaling into the Regulative Effect of

Engeletin on MUC5AC Mucin Gene Expression in Human Airway Epithelial Cells. Biomol. Ther. 2022, 30, 473–478. [CrossRef]

https://doi.org/10.1016/j.febslet.2009.11.092
https://www.ncbi.nlm.nih.gov/pubmed/19962377
https://doi.org/10.1007/s00125-012-2644-8
https://doi.org/10.7150/ijbs.27173
https://www.ncbi.nlm.nih.gov/pubmed/30263000
https://doi.org/10.1017/S1462399411002109
https://www.ncbi.nlm.nih.gov/pubmed/22233681
https://doi.org/10.2147/IJN.S101285
https://doi.org/10.1210/jc.2018-00968
https://doi.org/10.2337/diabetes.54.11.3065
https://doi.org/10.1186/s40164-020-00191-1
https://www.ncbi.nlm.nih.gov/pubmed/33292604
https://doi.org/10.1007/s12020-015-0543-8
https://www.ncbi.nlm.nih.gov/pubmed/25874535
https://doi.org/10.1016/j.jbc.2022.102623
https://www.ncbi.nlm.nih.gov/pubmed/36272648
https://doi.org/10.1111/ijcp.13983
https://www.ncbi.nlm.nih.gov/pubmed/33400346
https://doi.org/10.1007/s00125-005-1692-8
https://www.ncbi.nlm.nih.gov/pubmed/15756539
https://doi.org/10.3390/cells11142163
https://www.ncbi.nlm.nih.gov/pubmed/35883605
https://doi.org/10.1016/j.ebiom.2015.03.012
https://www.ncbi.nlm.nih.gov/pubmed/26137583
https://doi.org/10.1186/s12989-014-0053-5
https://www.ncbi.nlm.nih.gov/pubmed/25358444
https://doi.org/10.1111/j.1749-6632.2011.06388.x
https://www.ncbi.nlm.nih.gov/pubmed/22417140
https://doi.org/10.1016/j.yfrne.2003.10.001
https://doi.org/10.1038/s12276-021-00705-9
https://www.ncbi.nlm.nih.gov/pubmed/35474336
https://doi.org/10.1038/s41577-022-00792-3
https://www.ncbi.nlm.nih.gov/pubmed/36380021
https://doi.org/10.1634/theoncologist.11-4-397
https://www.ncbi.nlm.nih.gov/pubmed/16614236
https://doi.org/10.3389/fcell.2020.00365
https://www.ncbi.nlm.nih.gov/pubmed/32671059
https://doi.org/10.1016/j.jep.2021.114713
https://www.ncbi.nlm.nih.gov/pubmed/34626776
https://doi.org/10.3390/nu11112579
https://doi.org/10.1113/EP085794
https://doi.org/10.3389/fphys.2019.00107
https://doi.org/10.1007/s11892-013-0375-y
https://doi.org/10.4062/biomolther.2022.088


Molecules 2024, 29, 751 19 of 24

52. dos Santos, J.M.; de Oliveira, S.D.; Moreli, M.L.; Benite-Ribeiro, S.A. The role of mitochondrial DNA damage at skeletal muscle
oxidative stress on the development of type 2 diabetes. Mol. Cell. Biochem. 2018, 449, 251–255. [CrossRef]

53. Nakanishi, S.; Suzuki, G.; Kusunoki, Y.; Yamane, K.; Egusa, G.; Kohno, N. Increasing of oxidative stress from mitochondria in
type 2 diabetic patients. Diabetes Metab. Res. Rev. 2004, 20, 399–404. [CrossRef]

54. Lee, J.K.; Rosales, J.L.; Lee, K. Requirement for ER-mitochondria Ca2+ transfer, ROS production and mPTP formation in L-
asparaginase-induced apoptosis of acute lymphoblastic leukemia cells. Front. Cell Dev. Biol. 2023, 11, 1124164. [CrossRef]
[PubMed]

55. Oguntibeju, O.O. Type 2 diabetes mellitus, oxidative stress and inflammation: Examining the links. Int. J. Physiol. Pathophysiol.
Pharmacol. 2019, 11, 45–63. [PubMed]

56. Su, L.; Zhang, J.; Gomez, H.; Murugan, R.; Hong, X.; Xu, D.; Jiang, F.; Peng, Z. Reactive Oxygen Species-Induced Lipid
Peroxidation in Apoptosis, Autophagy, and Ferroptosis. Oxid. Med. Cell. Longev. 2019, 2019, 5080843. [CrossRef] [PubMed]

57. Long, Y.C.; Zierath, J.R. AMP-activated protein kinase signaling in metabolic regulation. J. Clin. Investig. 2006, 116, 1776–1783.
[CrossRef] [PubMed]

58. Handy, J.A.; Saxena, N.K.; Fu, P.; Lin, S.; Mells, J.E.; Gupta, N.A.; Anania, F.A. Adiponectin activation of AMPK disrupts
leptin-mediated hepatic fibrosis via suppressors of cytokine signaling (SOCS-3). J. Cell. Biochem. 2010, 110, 1195–1207. [CrossRef]
[PubMed]

59. Miehle, K.; Stepan, H.; Fasshauer, M. Leptin, adiponectin and other adipokines in gestational diabetes mellitus and pre-eclampsia.
Clin. Endocrinol. 2012, 76, 2–11. [CrossRef] [PubMed]

60. Moore, W.T.; Luo, J.; Liu, D. Kaempferol improves glucose uptake in skeletal muscle via an AMPK-dependent mechanism. Food
Sci. Hum. Wellness 2023, 12, 2087–2094. [CrossRef]

61. Di Marzo, V.; Verrijken, A.; Hakkarainen, A.; Petrosino, S.; Di Marzo, V.; Verrijken, A.; Hakkarainen, A.; Petrosino, S.; Mertens, I.;
Lundbom, N.; et al. Role of insulin as a negative regulator of plasma endocannabinoid levels in obese and nonobese subjects. Eur.
J. Endocrinol. 2009, 161, 715–722. [CrossRef]

62. Meek, T.H.; Morton, G.J. Leptin, diabetes, and the brain. Indian J. Endocrinol. Metab. 2012, 16, 534. [CrossRef]
63. Schneeberger, M.; Claret, M. Recent Insights into the Role of Hypothalamic AMPK Signaling Cascade upon Metabolic Control.

Front. Neurosci. 2012, 6, 185. [CrossRef] [PubMed]
64. Li, Y.; Zheng, H.; Yang, J.; Zhang, B.; Xing, X.; Zhang, Z.; Zhang, Q. Association of genetic variants in Leptin, leptin receptor and

adiponectin with hypertension risk and circulating Leptin/Adiponectin changes. Gene 2023, 853, 147080. [CrossRef] [PubMed]
65. Lim, A.K.H.; Nikolic-paterson, D.J.; Ma, F.Y.; Ozols, E.; Thomas, M.C.; Flavell, R.A.; Davis, R.J.; Tesch, G.H. Role of MKK3-p38

MAPK signalling in the development of type 2 diabetes and renal injury in obese db/db mice. Diabetologia 2009, 52, 347–358.
[CrossRef] [PubMed]

66. Saha, R.N.; Jana, M.; Pahan, K. MAPK p38 regulates transcriptional activity of NF-kappaB in primary human astrocytes via
acetylation of p65. J. Immunol. 2007, 179, 7101–7109. [CrossRef] [PubMed]

67. Zarubin, T.; Han, J. Activation and signaling of the p38 MAP kinase pathway. Cell Res. 2005, 15, 11–18. [CrossRef] [PubMed]
68. Bartolomé, A. The Pancreatic Beta Cell: Editorial. Biomolecules 2023, 13, 495. [CrossRef]
69. Cerf, M.E. Beta cell dysfunction and insulin resistance. Front. Endocrinol. 2013, 4, 37. [CrossRef]
70. Bartolome, A.; Pajvani, U.B.; Bartolomé, A.; Pajvani, U.B. MTOR and Beta Cell Adaptation in T2D. J. Clin. Endocrinol. Metab. 2021,

106, e1466–e1467. [CrossRef]
71. Donath, M.Y.; Schumann, D.M.; Faulenbach, M.; Ellingsgaard, H.; Perren, A.; Ehses, J.A. Islet Inflammation in Type 2 Diabetes:

From metabolic stress to therapy. Diabetes Care 2008, 31, 161. [CrossRef]
72. Tantiwong, P.; Shanmugasundaram, K.; Monroy, A.; Ghosh, S.; Li, M.; DeFronzo, R.A.; Cersosimo, E.; Sriwijitkamol, A.; Mohan,

S.; Musi, N. NF-κB activity in muscle from obese and type 2 diabetic subjects under basal and exercise-stimulated conditions. Am.
J. Physiol. Endocrinol. Metab. 2010, 299, 794. [CrossRef] [PubMed]

73. Prasad, K.; Mantha, S.; Muir, A.; Westcott, N. Protective effect of secoisolariciresinol diglucoside against streptozotocin-induced
diabetes and its mechanism. Mol. Cell. Biochem. 2000, 206, 141–150. [CrossRef] [PubMed]

74. Juan, C.A.; Pérez de la Lastra, J.M.; Plou, F.J.; Pérez-Lebeña, E. The Chemistry of Reactive Oxygen Species (ROS) Revisited:
Outlining Their Role in Biological Macromolecules (DNA, Lipids and Proteins) and Induced Pathologies. Int. J. Mol. Sci. 2021, 22,
4642. [CrossRef] [PubMed]

75. Tay, V.S.Y.; Devaraj, S.; Koh, T.; Ke, G.; Crasta, K.C.; Ali, Y. Increased double strand breaks in diabetic β-cells with a p21 response
that limits apoptosis. Sci. Rep. 2019, 9, 19341. [CrossRef]

76. Zhang, Y.; Zhen, W.; Maechler, P.; Liu, D. Small molecule kaempferol modulates PDX-1 protein expression and subsequently
promotes pancreatic β-cell survival and function via CREB. J. Nutr. Biochem. 2013, 24, 638–646. [CrossRef] [PubMed]

77. Lu, X.; Liu, J.; Hou, F.; Liu, Z.; Cao, X.; Seo, H.; Gao, B. Cholesterol induces pancreatic β cell apoptosis through oxidative stress
pathway. Cell Stress Chaperones 2011, 16, 539–548. [CrossRef] [PubMed]

78. Hirano, T. Pathophysiology of Diabetic Dyslipidemia. J. Atheroscler. Thromb. 2018, 25, 771–782. [CrossRef]
79. Mead, J.R.; Irvine, S.A.; Ramji, D.P. Lipoprotein lipase: Structure, function, regulation, and role in disease. J. Mol. 2002, 80,

753–769. [CrossRef]
80. DeFronzo, R.A.; Tripathy, D. Skeletal muscle insulin resistance is the primary defect in type 2 diabetes. Diabetes Care 2009, 32

(Suppl. S2), 157. [CrossRef]

https://doi.org/10.1007/s11010-018-3361-5
https://doi.org/10.1002/dmrr.469
https://doi.org/10.3389/fcell.2023.1124164
https://www.ncbi.nlm.nih.gov/pubmed/36895789
https://www.ncbi.nlm.nih.gov/pubmed/31333808
https://doi.org/10.1155/2019/5080843
https://www.ncbi.nlm.nih.gov/pubmed/31737171
https://doi.org/10.1172/JCI29044
https://www.ncbi.nlm.nih.gov/pubmed/16823475
https://doi.org/10.1002/jcb.22634
https://www.ncbi.nlm.nih.gov/pubmed/20564215
https://doi.org/10.1111/j.1365-2265.2011.04234.x
https://www.ncbi.nlm.nih.gov/pubmed/21951069
https://doi.org/10.1016/j.fshw.2023.03.028
https://doi.org/10.1530/EJE-09-0643
https://doi.org/10.4103/2230-8210.105568
https://doi.org/10.3389/fnins.2012.00185
https://www.ncbi.nlm.nih.gov/pubmed/23267314
https://doi.org/10.1016/j.gene.2022.147080
https://www.ncbi.nlm.nih.gov/pubmed/36470480
https://doi.org/10.1007/s00125-008-1215-5
https://www.ncbi.nlm.nih.gov/pubmed/19066844
https://doi.org/10.4049/jimmunol.179.10.7101
https://www.ncbi.nlm.nih.gov/pubmed/17982102
https://doi.org/10.1038/sj.cr.7290257
https://www.ncbi.nlm.nih.gov/pubmed/15686620
https://doi.org/10.3390/biom13030495
https://doi.org/10.3389/fendo.2013.00037
https://doi.org/10.1210/clinem/dgaa906
https://doi.org/10.2337/dc08-s243
https://doi.org/10.1152/ajpendo.00776.2009
https://www.ncbi.nlm.nih.gov/pubmed/20739506
https://doi.org/10.1023/A:1007018030524
https://www.ncbi.nlm.nih.gov/pubmed/10839204
https://doi.org/10.3390/ijms22094642
https://www.ncbi.nlm.nih.gov/pubmed/33924958
https://doi.org/10.1038/s41598-019-54554-8
https://doi.org/10.1016/j.jnutbio.2012.03.008
https://www.ncbi.nlm.nih.gov/pubmed/22819546
https://doi.org/10.1007/s12192-011-0265-7
https://www.ncbi.nlm.nih.gov/pubmed/21472505
https://doi.org/10.5551/jat.RV17023
https://doi.org/10.1007/s00109-002-0384-9
https://doi.org/10.2337/dc09-S302


Molecules 2024, 29, 751 20 of 24

81. Smith, U.; Kahn, B.B. Adipose tissue regulates insulin sensitivity: Role of adipogenesis, de novo lipogenesis and novel lipids. J.
Intern. Med. 2016, 280, 465–475. [CrossRef]

82. Klein, S.; Gastaldelli, A.; Yki-Järvinen, H.; Scherer, P.E. Why does obesity cause diabetes? Cell Metab. 2022, 34, 11–20. [CrossRef]
[PubMed]

83. Vishal, K.; Bhuiyan, P.; Qi, J.; Chen, Y.; Zhang, J.; Yang, F.; Li, J. Unraveling the Mechanism of Immunity and Inflammation Related
to Molecular Signatures Crosstalk Among Obesity, T2D, and AD: Insights From Bioinformatics Approaches. Bioinform. Biol.
Insights 2023, 17, 11779322231167977. [CrossRef] [PubMed]

84. Bitar, M.S.; Ayed, A.K.; Abdel-Halim, S.M.; Isenovic, E.R.; Al-Mulla, F. Inflammation and apoptosis in aortic tissues of aged type
II diabetes: Amelioration with α-lipoic acid through phosphatidylinositol 3-kinase/Akt- dependent mechanism. Life Sci. 2010, 86,
844–853. [CrossRef] [PubMed]

85. Wu, X.; Huang, S.; Shi, Y.; Shen, Y.; Tu, W.; Leng, Y.; Zhao, Q. Design, synthesis and structural-activity relationship studies of
phanginin A derivatives for regulating SIK1-cAMP/CREB signaling to suppress hepatic gluconeogenesis. Eur. J. Med. Chem.
2022, 232, 114171. [CrossRef] [PubMed]

86. Samuel, V.T.; Beddow, S.A.; Iwasaki, T.; Zhang, X.; Chu, X.; Still, C.D.; Gerhard, G.S.; Shulman, G.I. Fasting hyperglycemia is not
associated with increased expression of PEPCK or G6Pc in patients with Type 2 Diabetes. Proc. Natl. Acad. Sci. USA 2009, 106,
12121–12126. [CrossRef]

87. Yan, H.; Yang, W.; Zhou, F.; Li, X.; Yan, H.; Yang, W.; Zhou, F.; Li, X.; Pan, Q.; Shen, Z.; et al. Estrogen Improves Insulin Sensitivity
and Suppresses Gluconeogenesis via the Transcription Factor Foxo1. Diabetes 2019, 68, 291–304. [CrossRef] [PubMed]

88. Alemany, M. Estrogens and the regulation of glucose metabolism. World J. Diabetes 2021, 12, 1622–1654. [CrossRef] [PubMed]
89. Jaballah, A.; Soltani, I.; Bahia, W.; Dandana, A.; Hasni, Y.; Miled, A.; Ferchichi, S. The Relationship Between Menopause and

Metabolic Syndrome: Experimental and Bioinformatics Analysis. Biochem. Genet. 2021, 59, 1558–1581. [CrossRef]
90. Ariadi, A.; Jamsari, J.; Yanwirasti, Y.; Siregar, M.F.G.; Yusrawati, Y. Correlation between Estrogen Levels with Lipid Profile in

Menopause Women in West Sumatera. Open Access Maced. J. Med. Sci. 2019, 7, 2084–2087. [CrossRef]
91. Wang, L. Mammalian phytoestrogens: Enterodiol and enterolactone. J. Chromatogr. B 2002, 777, 289–309. [CrossRef]
92. Aro, A.; Tuomilehto, J.; Kostiainen, E.; Uusitalo, U.; Pietinen, P. Bioled coffee increases serum low density lipoprotein concentration.

Metab. Clin. Exp. 1987, 36, 1027–1030. [CrossRef] [PubMed]
93. Ranheim, T.; Halvorsen, B. Coffee consumption and human health-beneficial or detrimental?—Mechanisms for effects of coffee

consumption on different risk factors for cardiovascular disease and type 2 diabetes mellitus. Mol. Nutr. Food Res. 2005, 49,
274–284. [CrossRef] [PubMed]

94. Rana, A.; Samtiya, M.; Dhewa, T.; Mishra, V.; Aluko, R.E. Health benefits of polyphenols: A concise review. J. Food Biochem. 2022,
46, e14264. [CrossRef] [PubMed]

95. Tangney, C.; Rasmussen, H.E.; Tangney, C.C.; Rasmussen, H.E. Polyphenols, Inflammation, and Cardiovascular Disease. Curr.
Atheroscler. Rep. 2013, 15, 324. [CrossRef]

96. Kyrø, C.; Zamora-ros, R.; Scalbert, A.; Tjønneland, A.; Dossus, L.; Johansen, C.; Bidstrup, P.E.; Weiderpass, E.; Christensen, J.;
Ward, H.; et al. Pre-diagnostic polyphenol intake and breast cancer survival: The European Prospective Investigation into Cancer
and Nutrition (EPIC) cohort. Breast Cancer Res. Treat. 2015, 154, 389–401. [CrossRef] [PubMed]

97. Abdal Dayem, A.; Choi, H.Y.; Yang, G.; Kim, K.; Saha, S.K.; Cho, S. The Anti-Cancer Effect of Polyphenols against Breast Cancer
and Cancer Stem Cells: Molecular Mechanisms. Nutrients 2016, 8, 581. [CrossRef] [PubMed]

98. Bach Knudsen, K.E.; Serena, A.; Kjær, A.K.B.; Tetens, I.; Heinonen, S.; Nurmi, T.; Adlercreutz, H. Rye Bread in the Diet of Pigs
Enhances the Formation of Enterolactone and Increases Its Levels in Plasma, Urine and Feces. J. Nutr. 2003, 133, 1368–1375.
[CrossRef] [PubMed]

99. Landete, J.M. Plant and mammalian lignans: A review of source, intake, metabolism, intestinal bacteria and health. Food Res. Int.
2012, 46, 410–424. [CrossRef]

100. Halvorsen, B.L.; Carlsen, M.H.; Phillips, K.M.; Bøhn, S.K.; Holte, K.; Jacobs, D.R.J.; Blomhoff, R. Content of redox-active
compounds (i.e., antioxidants) in foods consumed in the United States. Am. J. Clin. Nutr. 2006, 84, 95–135. [CrossRef]

101. Barker, D. Lignans. Molecules 2019, 24, 1424. [CrossRef]
102. Pandey, K.B.; Rizvi, S.I. Plant polyphenols as dietary antioxidants in human health and disease. Oxid. Med. Cell. Longev. 2009, 2,

270–278. [CrossRef]
103. Nie, T.; Cooper, G.J.S. Mechanisms Underlying the Antidiabetic Activities of Polyphenolic Compounds: A Review. Front.

Pharmacol. 2021, 12, 798329. [CrossRef] [PubMed]
104. Guo, X.; Tresserra-Rimbau, A.; Estruch, R.; Martínez-González, M.A.; Medina-Remón, A.; Fitó, M.; Corella, D.; Salas-Salvadó,

J.; Portillo, M.P.; Moreno, J.J.; et al. Polyphenol Levels Are Inversely Correlated with Body Weight and Obesity in an Elderly
Population after 5 Years of Follow Up (The Randomised PREDIMED Study). Nutrients 2017, 9, 452. [CrossRef] [PubMed]

105. Angeloni, S.; Navarini, L.; Khamitova, G.; Maggi, F.; Sagratini, G.; Vittori, S.; Caprioli, G. A new analytical method for the
simultaneous quantification of isoflavones and lignans in 25 green coffee samples by HPLC-MS/MS. Food Chem. 2020, 325, 126924.
[CrossRef]

106. Hajibabaie, F.; Abedpoor, N.; Safavi, K.; Taghian, F. Natural remedies medicine derived from flaxseed (secoisolariciresinol diglu-
coside, lignans, and α-linolenic acid) improve network targeting efficiency of diabetic heart conditions based on computational
chemistry techniques and pharmacophore modeling. J. Food Biochem. 2022, 46, e14480. [CrossRef] [PubMed]

https://doi.org/10.1111/joim.12540
https://doi.org/10.1016/j.cmet.2021.12.012
https://www.ncbi.nlm.nih.gov/pubmed/34986330
https://doi.org/10.1177/11779322231167977
https://www.ncbi.nlm.nih.gov/pubmed/37124128
https://doi.org/10.1016/j.lfs.2010.03.019
https://www.ncbi.nlm.nih.gov/pubmed/20388520
https://doi.org/10.1016/j.ejmech.2022.114171
https://www.ncbi.nlm.nih.gov/pubmed/35152093
https://doi.org/10.1073/pnas.0812547106
https://doi.org/10.2337/db18-0638
https://www.ncbi.nlm.nih.gov/pubmed/30487265
https://doi.org/10.4239/wjd.v12.i10.1622
https://www.ncbi.nlm.nih.gov/pubmed/34754368
https://doi.org/10.1007/s10528-021-10066-7
https://doi.org/10.3889/oamjms.2019.627
https://doi.org/10.1016/S1570-0232(02)00281-7
https://doi.org/10.1016/0026-0495(87)90021-7
https://www.ncbi.nlm.nih.gov/pubmed/3312933
https://doi.org/10.1002/mnfr.200400109
https://www.ncbi.nlm.nih.gov/pubmed/15704241
https://doi.org/10.1111/jfbc.14264
https://www.ncbi.nlm.nih.gov/pubmed/35694805
https://doi.org/10.1007/s11883-013-0324-x
https://doi.org/10.1007/s10549-015-3595-9
https://www.ncbi.nlm.nih.gov/pubmed/26531755
https://doi.org/10.3390/nu8090581
https://www.ncbi.nlm.nih.gov/pubmed/27657126
https://doi.org/10.1093/jn/133.5.1368
https://www.ncbi.nlm.nih.gov/pubmed/12730424
https://doi.org/10.1016/j.foodres.2011.12.023
https://doi.org/10.1093/ajcn/84.1.95
https://doi.org/10.3390/molecules24071424
https://doi.org/10.4161/oxim.2.5.9498
https://doi.org/10.3389/fphar.2021.798329
https://www.ncbi.nlm.nih.gov/pubmed/34970150
https://doi.org/10.3390/nu9050452
https://www.ncbi.nlm.nih.gov/pubmed/28467383
https://doi.org/10.1016/j.foodchem.2020.126924
https://doi.org/10.1111/jfbc.14480
https://www.ncbi.nlm.nih.gov/pubmed/36239429


Molecules 2024, 29, 751 21 of 24

107. Kezimana, P.; Dmitriev, A.A.; Kudryavtseva, A.V.; Romanova, E.V.; Melnikova, N.V. Secoisolariciresinol Diglucoside of Flaxseed
and Its Metabolites: Biosynthesis and Potential for Nutraceuticals. Front. Genet. 2018, 9, 641. [CrossRef] [PubMed]

108. Pietrofesa, R.A.; Velalopoulou, A.; Albelda, S.M.; Christofidou-Solomidou, M. Asbestos Induces Oxidative Stress and Activation
of Nrf2 Signaling in Murine Macrophages: Chemopreventive Role of the Synthetic Lignan Secoisolariciresinol Diglucoside
(LGM2605). Int. J. Mol. Sci. 2016, 17, 322. [CrossRef]

109. Shen, B.; Zhao, C.; Wang, Y.; Peng, Y.; Cheng, J.; Li, Z.; Wu, L.; Jin, M.; Feng, H. Aucubin inhibited lipid accumulation and
oxidative stress via Nrf2/HO-1 and AMPK signalling pathways. J. Cell. Mol. Med. 2019, 23, 4063–4075. [CrossRef]

110. Abdelwahab, A.H.; Negm, A.M.; Mahmoud, E.S.; Salama, R.M.; Schaalan, M.F.; El-Sheikh, A.A.K.; Ramadan, B.K. The cardiopro-
tective effects of secoisolariciresinol diglucoside (flaxseed lignan) against cafeteria diet-induced cardiac fibrosis and vascular
injury in rats: An insight into apelin/AMPK/FOXO3a signaling pathways. Front. Pharmacol. 2023, 14, 1199294. [CrossRef]

111. Puukila, S.; Bryan, S.; Laakso, A.; Abdel-Malak, J.; Gurney, C.; Agostino, A.; Belló-Klein, A.; Prasad, K.; Khaper, N. Secoisolari-
ciresinol diglucoside abrogates oxidative stress-induced damage in cardiac iron overload condition. PLoS ONE 2015, 10, e0122852.
[CrossRef]

112. Sun, J.; Tang, Y.; Yu, X.; Xu, Y.; Liu, P.; Xiao, L.; Liu, L.; Deng, Q.; Yao, P. Flaxseed lignans alleviate high fat diet-induced hepatic
steatosis and insulin resistance in mice: Potential involvement of AMP-activated protein kinase. J. Funct. Foods 2016, 24, 482–491.
[CrossRef]

113. Wang, Y.; Fofana, B.; Roy, M.; Ghose, K.; Yao, X.; Nixon, M.; Nair, S.; Nyomba, G.B.L. Flaxseed lignan secoisolariciresinol
diglucoside improves insulin sensitivity through upregulation of GLUT4 expression in diet-induced obese mice. J. Funct. Foods
2015, 18, 1–9. [CrossRef]

114. Prasad, K.; Bhanumathy, K. Secoisolariciresinol Diglucoside (SDG) from flaxseed in the prevention and treatment of diabetes
mellitus. Scr. Medica (Engl. Ed.) 2023, 54, 87–93. [CrossRef]

115. Prasad, K. Suppression of phosphoenolpyruvate carboxykinase gene expression by secoisolariciresinol diglucoside (SDG), a new
antidiabetic agent. Int. J. Angiol. 2002, 11, 107–109. [CrossRef]

116. Shin, M.; Jeon, Y.; Jin, J. Apoptotic effect of enterodiol, the final metabolite of edible lignans, in colorectal cancer cells. J. Sci. Food
Agric. 2019, 99, 2411–2419. [CrossRef] [PubMed]

117. Chhillar, H.; Chopra, P.; Ashfaq, M.A. Lignans from linseed (Linum usitatissimum L.) and its allied species: Retrospect, introspect
and prospect. Crit. Rev. Food Sci. Nutr. 2021, 61, 2719–2741. [CrossRef] [PubMed]

118. Hålldin, E.; Eriksen, A.K.; Brunius, C.; da Silva, A.B.; Bronze, M.; Hanhineva, K.; Aura, A.; Landberg, R. Factors Explaining
Interpersonal Variation in Plasma Enterolactone Concentrations in Humans. Mol. Nutr. Food Res. 2019, 63, 1801159. [CrossRef]
[PubMed]

119. Mazur, W.M.; Wähälä, K.; Rasku, S.; Salakka, A.; Hase, T.; Adlercreutz, H. Lignan and isoflavonoid concentrations in tea and
coffee. Br. J. Nutr. 1998, 79, 37–45. [CrossRef]

120. Corsini, E.; Dell’Agli, M.; Facchi, A.; De Fabiani, E.; Lucchi, L.; Boraso, M.S.; Marinovich, M.; Galli, C.L. Enterodiol and
Enterolactone Modulate the Immune Response by Acting on Nuclear Factor-κB (NF-κB) Signaling. J. Agric. Food Chem. 2010, 58,
6678–6684. [CrossRef]

121. Xu, P.; Huang, M.; Xiao, C.; Long, F.; Wang, Y.; Liu, S.; Jia, W.; Wu, W.; Yang, D.; Hu, J.; et al. Matairesinol Suppresses
Neuroinflammation and Migration Associated with Src and ERK1/2-NF-κB Pathway in Activating BV2 Microglia. Neurochem.
Res. 2017, 42, 2850–2860. [CrossRef]

122. Zhou, F.; Furuhashi, K.; Son, M.J.; Toyozaki, M.; Yoshizawa, F.; Miura, Y.; Yagasaki, K. Antidiabetic effect of enterolactone in
cultured muscle cells and in type 2 diabetic model db/db mice. Cytotechnology 2017, 69, 493–502. [CrossRef] [PubMed]

123. Xu, C.; Liu, Q.; Zhang, Q.; Gu, Z.; Jiang, Z.Y. Urinary enterolactone is associated with obesity and metabolic alteration in men in
the US National Health and Nutrition Examination Survey 2001–10. Br. J. Nutr. 2015, 113, 683–690. [CrossRef] [PubMed]

124. Danbara, N.; Yuri, T.; Tsujita-Kyutoku, M.; Tsukamoto, R.; Uehara, N.; Tsubura, A. Enterolactone induces apoptosis and inhibits
growth of Colo 201 human colon cancer cells both in vitro and in vivo. Anticancer Res. 2005, 25, 2269–2276. [PubMed]

125. Cipolletti, M.; Solar Fernandez, V.; Montalesi, E.; Marino, M.; Fiocchetti, M. Beyond the Antioxidant Activity of Dietary
Polyphenols in Cancer: The Modulation of Estrogen Receptors (ERs) Signaling. Int. J. Mol. Sci. 2018, 19, 2624. [CrossRef]
[PubMed]

126. Corona, G.; Deiana, M.; Incani, A.; Vauzour, D.; Dessì, M.A.; Spencer, J.P.E. Inhibition of p38/CREB phosphorylation and COX-2
expression by olive oil polyphenols underlies their anti-proliferative effects. Biochem. Biophys. Res. Commun. 2007, 362, 606–611.
[CrossRef] [PubMed]

127. Mali, A.V.; Joshi, A.A.; Hegde, M.V.; Kadam, S.S. Enterolactone modulates the ERK/NF-κB/Snail signaling pathway in triple-
negative breast cancer cell line MDA-MB-231 to revert the TGF-β-induced epithelial-mesenchymal transition. Cancer Biol. Med.
2018, 15, 137–156. [CrossRef] [PubMed]

128. Mali, A.V.; Padhye, S.B.; Anant, S.; Hegde, M.V.; Kadam, S.S. Anticancer and antimetastatic potential of enterolactone: Clinical,
preclinical and mechanistic perspectives. Eur. J. Pharmacol. 2019, 852, 107–124. [CrossRef]

129. Liu, Z.; Fei, Y.; Cao, X.; Xu, D.; Tang, W.; Yang, K.; Xu, W.; Tang, J. Lignans intake and enterolactone concentration and prognosis
of breast cancer: A systematic review and meta-analysis. J. Cancer 2021, 12, 2787–2796. [CrossRef]

https://doi.org/10.3389/fgene.2018.00641
https://www.ncbi.nlm.nih.gov/pubmed/30619466
https://doi.org/10.3390/ijms17030322
https://doi.org/10.1111/jcmm.14293
https://doi.org/10.3389/fphar.2023.1199294
https://doi.org/10.1371/journal.pone.0122852
https://doi.org/10.1016/j.jff.2016.04.032
https://doi.org/10.1016/j.jff.2015.06.053
https://doi.org/10.5937/scriptamed54-41932
https://doi.org/10.1007/BF01616377
https://doi.org/10.1002/jsfa.9448
https://www.ncbi.nlm.nih.gov/pubmed/30357838
https://doi.org/10.1080/10408398.2020.1784840
https://www.ncbi.nlm.nih.gov/pubmed/32619358
https://doi.org/10.1002/mnfr.201801159
https://www.ncbi.nlm.nih.gov/pubmed/30817848
https://doi.org/10.1079/BJN19980007
https://doi.org/10.1021/jf100471n
https://doi.org/10.1007/s11064-017-2301-1
https://doi.org/10.1007/s10616-016-9965-2
https://www.ncbi.nlm.nih.gov/pubmed/27000262
https://doi.org/10.1017/S0007114514004115
https://www.ncbi.nlm.nih.gov/pubmed/25634494
https://www.ncbi.nlm.nih.gov/pubmed/16158974
https://doi.org/10.3390/ijms19092624
https://www.ncbi.nlm.nih.gov/pubmed/30189583
https://doi.org/10.1016/j.bbrc.2007.08.049
https://www.ncbi.nlm.nih.gov/pubmed/17727817
https://doi.org/10.20892/j.issn.2095-3941.2018.0012
https://www.ncbi.nlm.nih.gov/pubmed/29951338
https://doi.org/10.1016/j.ejphar.2019.02.022
https://doi.org/10.7150/jca.55477


Molecules 2024, 29, 751 22 of 24

130. Miles, F.L.; Navarro, S.L.; Schwarz, Y.; Gu, H.; Djukovic, D.; Randolph, T.W.; Shojaie, A.; Kratz, M.; Hullar, M.A.J.; Lampe, P.D.;
et al. Plasma metabolite abundances are associated with urinary enterolactone excretion in healthy participants on controlled
diets. Food Funct. 2017, 8, 3209–3218. [CrossRef]

131. Vauzour, D.; Rodriguez-Mateos, A.; Corona, G.; Oruna-Concha, M.; Spencer, J.P.E. Polyphenols and Human Health: Prevention
of Disease and Mechanisms of Action. Nutrients 2010, 2, 1131. [CrossRef]

132. Ramos, S. Cancer chemoprevention and chemotherapy: Dietary polyphenols and signalling pathways. Mol. Nutr. Food Res. 2008,
52, 507–526. [CrossRef] [PubMed]

133. Chen, L.; Fang, J.; Sun, Z.; Li, H.; Wu, Y.; Demark-Wahnefried, W.; Lin, X. Enterolactone inhibits insulin-like growth factor-1
receptor signaling in human prostatic carcinoma PC-3 cells. J. Nutr. 2009, 139, 653–659. [CrossRef] [PubMed]

134. Velikova, T.V.; Kabakchieva, P.P.; Assyov, Y.S.; Georgiev, T. A Targeting Inflammatory Cytokines to Improve Type 2 Diabetes
Control. Biomed. Res. Int. 2021, 2021, 7297419. [CrossRef] [PubMed]

135. Jang, W.Y.; Kim, M.; Cho, J.Y. Antioxidant, Anti-Inflammatory, Anti-Menopausal, and Anti-Cancer Effects of Lignans and Their
Metabolites. Int. J. Mol. Sci. 2022, 23, 15482. [CrossRef] [PubMed]

136. Barros, R.P.A.; Machado, U.F.; Gustafsson, J. Estrogen receptors: New players in diabetes mellitus. Trends Mol. Med. 2006, 12,
425–431. [CrossRef] [PubMed]

137. Crespo, I.; García-Mediavilla, M.V.; Gutiérrez, B.; Sánchez-Campos, S.; Tuñón, M.J.; González-Gallego, J. A comparison of the
effects of kaempferol and quercetin on cytokine-induced pro-inflammatory status of cultured human endothelial cells. Br. J. Nutr.
2008, 100, 968–976. [CrossRef] [PubMed]

138. Lee, Y.; Choi, H.; Seo, M.; Jeon, H.; Kim, K.; Lee, B. Kaempferol suppresses lipid accumulation by inhibiting early adipogenesis in
3T3-L1 cells and zebrafish. Food Funct. 2015, 6, 2824–2833. [CrossRef]

139. Lee, B.; Kwon, M.; Choi, J.S.; Jeong, H.O.; Chung, H.Y.; Kim, H. Kaempferol Isolated from Nelumbo nucifera Inhibits Lipid
Accumulation and Increases Fatty Acid Oxidation Signaling in Adipocytes. J. Med. Food 2015, 18, 1363–1370. [CrossRef]

140. Kim, D.; Hwang, H.; Ji, E.S.; Kim, J.Y.; Yoo, J.S.; Kwon, H.J. Activation of mitochondrial TUFM ameliorates metabolic dysregulation
through coordinating autophagy induction. Commun. Biol. 2021, 4, 1. [CrossRef]

141. Torres-Villarreal, D.; Camacho, A.; Castro, H.; Ortiz-Lopez, R.; de la Garza, A.L. Anti-obesity effects of kaempferol by inhibiting
adipogenesis and increasing lipolysis in 3T3-L1 cells. J. Physiol. Biochem. 2019, 75, 83–88. [CrossRef]

142. Li, H.; Ji, H.; Kang, J.; Shin, D.; Park, H.; Choi, M.; Lee, C.; Lee, I.; Yun, B.; Jeong, T. Soy Leaf Extract Containing Kaempferol
Glycosides and Pheophorbides Improves Glucose Homeostasis by Enhancing Pancreatic β-Cell Function and Suppressing
Hepatic Lipid Accumulation in db/db Mice. J. Agric. Food Chem. 2015, 63, 7198–7210. [CrossRef] [PubMed]

143. Hoang, M.; Jia, Y.; Mok, B.; Jun, H.; Hwang, K.; Lee, S. Kaempferol ameliorates symptoms of metabolic syndrome by regulating
activities of liver X receptor-β. J. Nutr. Biochem. 2015, 26, 868–875. [CrossRef] [PubMed]

144. de Sousa, E.; Zanatta, L.; Seifriz, I.; Creczynski-Pasa, T.B.; Pizzolatti, M.G.; Szpoganicz, B.; Silva, F.R.M.B. Hypoglycemic effect
and antioxidant potential of kaempferol-3,7-O-(alpha)-dirhamnoside from Bauhinia forficata leaves. J. Nat. Prod. 2004, 67, 829–832.
[CrossRef] [PubMed]

145. Peng, X.; Zhang, G.; Liao, Y.; Gong, D. Inhibitory kinetics and mechanism of kaempferol on α-glucosidase. Food Chem. 2016, 190,
207–215. [CrossRef] [PubMed]

146. Alkhalidy, H.; Moore, W.; Wang, Y.; Luo, J.; McMillan, R.P.; Zhen, W.; Zhou, K.; Liu, D. The Flavonoid Kaempferol Ameliorates
Streptozotocin-Induced Diabetes by Suppressing Hepatic Glucose Production. Molecules 2018, 23, 2338. [CrossRef]

147. Alkhalidy, H.; Moore, W.; Wang, A.; Luo, J.; McMillan, R.P.; Wang, Y.; Zhen, W.; Hulver, M.W.; Liu, D. Kaempferol ameliorates
hyperglycemia through suppressing hepatic gluconeogenesis and enhancing hepatic insulin sensitivity in diet-induced obese
mice. J. Nutr. Biochem. 2018, 58, 90–101. [CrossRef] [PubMed]

148. Varshney, R.; Gupta, S.; Roy, P. Cytoprotective effect of kaempferol against palmitic acid-induced pancreatic β-cell death through
modulation of autophagy via AMPK/mTOR signaling pathway. Mol. Cell. Endocrinol. 2017, 448, 1–20. [CrossRef]

149. Varshney, R.; Varshney, R.; Mishra, R.; Gupta, S.; Sircar, D.; Roy, P. Kaempferol alleviates palmitic acid-induced lipid stores,
endoplasmic reticulum stress and pancreatic β-cell dysfunction through AMPK/mTOR-mediated lipophagy. J. Nutr. Biochem.
2018, 57, 212–227. [CrossRef]

150. Bermont, F.; Hermant, A.; Benninga, R.; Chabert, C.; Jacot, G.; Santo-Domingo, J.; Kraus, M.R.; Feige, J.N.; De Marchi, U. Targeting
Mitochondrial Calcium Uptake with the Natural Flavonol Kaempferol, to Promote Metabolism/Secretion Coupling in Pancreatic
β-cells. Nutrients 2020, 12, 538. [CrossRef]

151. Zhang, Y.; Liu, D. Flavonol kaempferol improves chronic hyperglycemia-impaired pancreatic beta-cell viability and insulin
secretory function. Eur. J. Pharmacol. 2011, 670, 325–332. [CrossRef]

152. Wang, T.; Wu, Q.; Zhao, T. Preventive Effects of Kaempferol on High-Fat Diet-Induced Obesity Complications in C57BL/6 Mice.
Biomed. Res. Int. 2020, 2020, 4532482. [CrossRef] [PubMed]

153. Chen, Y.; Zhang, C.; Jin, M.; Qin, N.; Qiao, W.; Yue, X.; Duan, H.; Niu, W. Flavonoid derivative exerts an antidiabetic effect via
AMPK activation in diet-induced obesity mice. Nat. Prod. Res. 2016, 30, 1988–1992. [CrossRef] [PubMed]

154. Al-Numair, K.S.; Chandramohan, G.; Veeramani, C.; Alsaif, M.A. Ameliorative effect of kaempferol, a flavonoid, on oxidative
stress in streptozotocin-induced diabetic rats. Redox Rep. 2015, 20, 198–209. [CrossRef] [PubMed]

155. Montero, M.; Lobatón, C.D.; Hernández-Sanmiguel, E.; Santodomingo, J.; Vay, L.; Moreno, A.; Alvarez, J. Direct activation of the
mitochondrial calcium uniporter by natural plant flavonoids. Biochem. J. 2004, 384, 19–24. [CrossRef] [PubMed]

https://doi.org/10.1039/C7FO00684E
https://doi.org/10.3390/nu2111106
https://doi.org/10.1002/mnfr.200700326
https://www.ncbi.nlm.nih.gov/pubmed/18435439
https://doi.org/10.3945/jn.108.101832
https://www.ncbi.nlm.nih.gov/pubmed/19211828
https://doi.org/10.1155/2021/7297419
https://www.ncbi.nlm.nih.gov/pubmed/34557550
https://doi.org/10.3390/ijms232415482
https://www.ncbi.nlm.nih.gov/pubmed/36555124
https://doi.org/10.1016/j.molmed.2006.07.004
https://www.ncbi.nlm.nih.gov/pubmed/16890492
https://doi.org/10.1017/S0007114508966083
https://www.ncbi.nlm.nih.gov/pubmed/18394220
https://doi.org/10.1039/C5FO00481K
https://doi.org/10.1089/jmf.2015.3457
https://doi.org/10.1038/s42003-020-01566-0
https://doi.org/10.1007/s13105-018-0659-4
https://doi.org/10.1021/acs.jafc.5b01639
https://www.ncbi.nlm.nih.gov/pubmed/26211813
https://doi.org/10.1016/j.jnutbio.2015.03.005
https://www.ncbi.nlm.nih.gov/pubmed/25959373
https://doi.org/10.1021/np030513u
https://www.ncbi.nlm.nih.gov/pubmed/15165145
https://doi.org/10.1016/j.foodchem.2015.05.088
https://www.ncbi.nlm.nih.gov/pubmed/26212963
https://doi.org/10.3390/molecules23092338
https://doi.org/10.1016/j.jnutbio.2018.04.014
https://www.ncbi.nlm.nih.gov/pubmed/29886193
https://doi.org/10.1016/j.mce.2017.02.033
https://doi.org/10.1016/j.jnutbio.2018.02.017
https://doi.org/10.3390/nu12020538
https://doi.org/10.1016/j.ejphar.2011.08.011
https://doi.org/10.1155/2020/4532482
https://www.ncbi.nlm.nih.gov/pubmed/32337249
https://doi.org/10.1080/14786419.2015.1101105
https://www.ncbi.nlm.nih.gov/pubmed/26511291
https://doi.org/10.1179/1351000214Y.0000000117
https://www.ncbi.nlm.nih.gov/pubmed/25494817
https://doi.org/10.1042/BJ20040990
https://www.ncbi.nlm.nih.gov/pubmed/15324303


Molecules 2024, 29, 751 23 of 24

156. Guo, H.; Sun, S.; Zhang, X.; Zhang, X.; Gao, L.; Zhao, J. AMPK enhances the expression of pancreatic duodenal homeobox-1 via
PPARalpha, but not PPARgamma, in rat insulinoma cell line INS-1. Acta Pharmacol. Sin. 2010, 31, 963–969. [CrossRef]

157. Lee, M.; McGeer, E.G.; McGeer, P.L. Quercetin, not caffeine, is a major neuroprotective component in coffee. Neurobiol. Aging 2016,
46, 113–123. [CrossRef] [PubMed]

158. Kamisah, Y.; Mustafa, N.; Jalil, J.; Ugusman, A. Anti-inflammatory property of Parkia speciosa empty pod extract in human
umbilical vein endothelial cells. J. Appl. Pharm. Sci. 2018, 8, 152–158. [CrossRef]

159. Dhanya, R.; Arya, A.D.; Nisha, P.; Jayamurthy, P. Quercetin, a Lead Compound against Type 2 Diabetes Ameliorates Glucose
Uptake via AMPK Pathway in Skeletal Muscle Cell Line. Front. Pharmacol. 2017, 8, 336. [CrossRef]

160. Sekhon-Loodu, S.; Rupasinghe, H.P.V. Evaluation of Antioxidant, Antidiabetic and Antiobesity Potential of Selected Traditional
Medicinal Plants. Front. Nutr. 2019, 6, 53. [CrossRef]

161. Emran, T.B.; Haque, M.A.; Guntaka, P.R.; Pratap, L. A Renewed Concept on Diabetic Retinopathy: Polyphenols as a Choice of
Solution. Biointerface Res. Appl. Chem. 2023, 13, 588. [CrossRef]
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