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Abstract: Diabetes mellitus, a metabolic disease mainly characterized by hyperglycemia, is becoming
a serious social health problem worldwide with growing prevalence. Many natural compounds have
been found to be effective in the prevention and treatment of diabetes, with negligible toxic effects.
Ferulic acid (FA), a phenolic compound commonly found in medicinal herbs and the daily diet, was
proved to have several pharmacological effects such as antihyperglycemic, antihyperlipidemic and
antioxidant actions, which are beneficial to the management of diabetes and its complications. Data
from PubMed, EM-BASE, Web of Science and CNKI were searched with the keywords ferulic acid
and diabetes mellitus. Finally, 28 articles were identified after literature screening, and the research
progress of FA for the management of DM and its complications was summarized in the review, in
order to provide references for further research and medical applications of FA.
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1. Introduction

Diabetes mellitus (DM), a chronic noncommunicable disease mainly characterized
by hyperglycemia, can cause various life-threatening health problems. The main types of
DM include type 1 diabetes mellitus (T1DM), type 2 diabetes mellitus (T2DM), gestational
diabetes mellitus (GDM), and other types of DM [1]. According to the latest epidemiological
data, as one of the fastest growing diseases globally, the number of adults with DM is
estimated to increase to 643 million by 2030, and 783 million by 2045 [2]. Traditional
phytomedicines are used worldwide for the treatment of a range of diseases, including
diabetes, and the use of natural ingredients for diabetes treatment has become a focus of
clinical research [3].

Ferulic acid (FA) ((E)-3-(4-hydroxy-3-methoxy-phenyl) prop-2-enoic acid), a caffeic acid
derivative, not only can be isolated from Chinese herbal medicines including Cimicifuga racemosa,
Angelica sinensis, and Rhizoma Ligustici Chuanxiong, but also exists in our daily diet, such as
Oryza sativa, Glycine max, Zea mays, Triticum aestivum L., and Avena sativa Linn. [4]. There are
two effective pathways for synthesizing FA in plants. For the phenylpropanoid metabolic
pathway, cinnamyl-CoA reductase (CCR) catalyzes the conversion of coumaroyl-CoA
to coumaric aldehyde, which is hydroxylated into caffeic aldehyde under the action of
coumarin 3-hydroxylase (C3H). As an intermediate of this pathway, caffeic aldehyde can
be transformed into coniferyl aldehyde in the presence of caffeic acid O-methyltransferase
(COMT), and eventually converted into FA, dependent on conifer aldehyde dehydrogenase
(CAD). Alternatively, FA can be obtained by caffeic acid under the catalysis of COMT [5–7]
(Figure 1).
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pathway, caffeic aldehyde can be transformed into coniferyl aldehyde in the presence of 
caffeic acid O-methyltransferase (COMT), and eventually converted into FA, dependent 
on conifer aldehyde dehydrogenase (CAD). Alternatively, FA can be obtained by caffeic 
acid under the catalysis of COMT [5–7] (Figure 1). 

FA possesses free radical scavenging and antioxidant activities which present a wide 
range of potential effects in the control of cancer and cardiovascular diseases, as well as 
in hepatic-protective, antimicrobial and anti-inflammatory treatments, especially in the 
prevention and treatment of DM and its complications [8–14] (Figure 2).  

 
Figure 1. Biosynthesis pathway of ferulic acid. CCR, cinnamoyl-CoA reductase; C3H, p-coumarate 
3-hydroxylase; COMT, caffeic acid O-methyltransferase; CAD, coniferyl-aldehyde dehydrogenase. 

 

Figure 2. Structure, sources and bioactivities of ferulic acid. 

Figure 1. Biosynthesis pathway of ferulic acid. CCR, cinnamoyl-CoA reductase; C3H, p-coumarate
3-hydroxylase; COMT, caffeic acid O-methyltransferase; CAD, coniferyl-aldehyde dehydrogenase.

FA possesses free radical scavenging and antioxidant activities which present a wide
range of potential effects in the control of cancer and cardiovascular diseases, as well as
in hepatic-protective, antimicrobial and anti-inflammatory treatments, especially in the
prevention and treatment of DM and its complications [8–14] (Figure 2).
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Figure 2. Structure, sources and bioactivities of ferulic acid.

Our search strategy is designed according to the characteristics of different databases.
PubMed, EM-BASE, Web of Science and CNKI were searched for relevant studies up until
July 2022 using the following keyword combination: “Ferulic acid AND Diabetes Mellitus”.
In the first stage, articles were searched for using the selected keywords. In the second
stage, titles and abstracts of all papers were screened. The third step was to screen selected
titles individually in detail to determine whether they were appropriate for the purpose
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of the study. Our pre-set search strategy returned 116, 1774, 319, and 108 publications
from PubMed, EM-BASE, Web of Science, and CNKI, respectively. After browsing the title
and abstract or reading the full text, a total of 28 publications were selected in our review
(Figure 3).
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In this paper, the therapeutic effects of FA on DM and its complications are summarized
to provide references for the further development and utilization of FA.

2. Use of FA to Prevent and Treat DM
2.1. The Effects of FA on Hepatic Glucose Production

The liver is one of the most important organs in the human body, and it plays an
indispensable role in regulating glucose and lipid metabolism [15]. During the devel-
opment of DM, insulin resistance in the liver causes an increase in the level of hepatic
glucose production via different pathways, such as inhibiting glycolysis, aerobic oxidation
and glycogen synthesis, and promoting the gluconeogenesis [16]. Moreover, DM causes
damage to multiple organs, especially the liver. Liver injury caused by DM is mediated, at
least partly, by oxidative damage, which can be alleviated by antioxidants [17,18]. With
an aromatic phenolic ring, FA can stabilize and delocalize unpaired electrons within it
and was used as a free radical scavenger [19]. Balasubashini et al. (2004) found that oral
gavage with 10 mg/kg FA for 45 days reduced streptozotocin (STZ)-induced oxidative
stress in the liver of Wistar rats by increasing the activities of antioxidant enzymes such
as glutathione peroxidase (GPx), superoxide dismutase (SOD) and catalase (CAT) [20].
Consistently, after treating the high-fat and fructose-induced diabetic Wistar rats with
intragastrical (i.g.) administration of FA (50 mg/kg) for 30 days, the animals displayed
a normal range of blood glucose, serum insulin, glucose tolerance and insulin tolerance
with decreased hepatic glucose production in the liver tissue [11]. The hepatic glucokinase
(GK) enzyme plays an important role in the regulation of glucose homeostasis, which
improves the utilization of blood glucose to generate energy and promotes hepatic glyco-
gen storage. Furthermore, glucose-6-phosphatase (G6Pase) and phosphoenolpyruvate
carboxykinase (PEPCK) are the key enzymes that regulate hepatic gluconeogenesis and
glucose production [21]. Son et al. (2010) revealed that FA effectively enhanced the level of
glycogenesis by increasing the activity of hepatic GK enzyme, and reducing the activities
of G6Pase and PEPCK [19]. These results that suggest FA can regulate glucose homeostasis
by ameliorating hepatic glucose metabolism disorder.
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2.2. The Effects of FA on β-Cell Function

The pancreatic β-cell is an endocrine cell type with the unique function of synthesizing,
storing and secreting insulin to decrease blood glucose concentration [22]. Pancreatic β-
cells are extremely sensitive to oxidative stress [23,24], and their dysfunction may be
caused by an imbalance between the production of free radicals and the defense function
of antioxidant enzymes [18,25]. Previous studies have shown that hyperglycemia can
reduce the activity of antioxidant enzymes in pancreatic islets, and cause the formation
of free radicals as a sign of oxidative stress [26]. Oral gavage of FA (10 mg/kg, 45 days)
has been proved to effectively neutralize STZ-induced free radicals in the pancreas of
diabetic animals induced by STZ, and reduce the toxicity of STZ through its antioxidant
properties [4,20,27]. The use of FA (20 mg/kg, i.g. once daily for 12 weeks) was found to
inhibit the apoptosis of β-cells in pancreatic islets and protect placental tissue in diabetic
gestational Sprague Dawley (SD) rats fed with a high-fat diet in another study [28]. In other
related work, chronic hyperglycemia was shown to trigger an oxidative stress response,
resulting in increased lipid oxidation in pancreatic tissues, while oral administration of FA
(50 mg/kg) for 8 weeks significantly reduced lipid peroxidation in pancreatic tissues to
protect STZ-induced β-cell injury in Wistar rats [29]. Importantly, another study suggested
that the combination of metformin (12.5 mg/kg) and FA (10 mg/kg) for 3 weeks by oral
gavage improved STZ-impaired β-cell regeneration in Wistar rats. From this point of view,
the co-administration of FA and metformin could improve the mass of functional β-cells,
thus exerting a hypoglycemic effect [13,30].

2.3. The Effects of FA on Lipid Metabolism

Lipid metabolism is closely related to the development of DM. Insulin secreted from
β-cells not only played a role in glucose metabolism, but also mediated lipid metabolism.
Insulin resistance can reduce the utilization of glucose in the body, and in obese subjects,
excessive lipid makes cells less sensitive to insulin [31]. Over the past few years, many
studies have revealed the important role of the phosphoinositide-3 kinase (PI3K)/protein
kinase B (Akt) signaling pathway in maintaining insulin sensitivity [32]. Lipogenesis is an
insulin- and glucose-dependent process regulated by sterol regulatory element binding
protein 1c (SREBP1c), a signaling molecule downstream of Akt, and carbohydrate response
element binding protein (ChREBP), ultimately affecting lipid metabolism [33,34]. A pre-
vious study showed that oral administration with FA at doses of 25 and 50 mg/kg daily
for 8 weeks significantly lowered the insulin resistance and decreased the levels of plasma
triglycerides (TG), free fatty acid (FFA), cholesterol and phospholipids in rats fed with a
high-fat diet. Additionally, the modulation of FA in lipid homeostasis was further found
to be related to the decreased expression of lipogenic genes, such as SREBP1c, fatty acid
synthase (FAS), acetyl-CoA carboxylase (ACC), as well as the upregulated expression of
β-oxidation genes such as hepatic carnitine palmitoyltransferase 1a (CPT1a) and peroxi-
some proliferator-activated receptor alpha (PPARα) in liver tissues [35]. An increased level
of FFA could also induce the production of acetyl-CoA and cholesterol [36]. As the main
site of insulin resistance, excessive lipid accumulation in the liver further leads to reduced
glucose uptake and an increased level of blood glucose [19]. Sri Balasubashini et al. (2003)
revealed that the levels of hydroperoxides and FFA in the liver of STZ-induced diabetic
Wistar rats were reduced after treatment with FA at 10 mg/kg by gavage for 45 days,
suggesting that FA improves lipid metabolism with an alleviation of oxidative stress [37].
Accordantly, another in vivo study suggested that feeding STZ-induced diabetic mice with
a 0.01% FA-containing diet ad libitum for 7 weeks reduced thiobarbituric acid reactive
substances (TBARS) to inhibit the lipid peroxidation in brown adipose tissue [38].

The available data on anti-diabetic activities related to FA are shown in Table 1. The
dosage, routes of administration, duration of treatment, animal models as well as molecular
mechanisms are all listed in detail.
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Table 1. Major effects of FA on diabetes control.

Diabetic Models Dosage Range Major Reported Antidiabetic Endpoints References

STZ (40 mg/kg i.p. injection) in
Wistar rats 10 mg/kg for 45 days, i.v.

Increasing the activities of antioxidant
enzymes such as GPx, SOD and CAT,

neutralizing STZ-induced free radicals in
the pancreas.

[20]

High-fat diet + fructose in
Wistar rats 50 mg/kg for 30 days, i.g.

Decreasing hepatic glucose production in
the liver tissue, returning blood glucose,

serum insulin, glucose tolerance and
insulin tolerance to the normal range.

[11]

High-fat diet in male
C57BL/6N mice

0.5% supplemented diet ad
libitum for 7 weeks

Increasing the activity of hepatic GK
enzyme, and reducing the activities of

G6Pase and PEPCK.
[19]

High-fat diet in gestational SD rat 20 mg/kg for 12 weeks, i.g. Inhibiting the apoptosis of β-cells in
pancreatic islets. [28]

STZ (60 mg/kg i.p. injection) in
Wistar rats 50 mg/kg for 8 weeks, i.g. Reducing the lipid peroxidation in

pancreatic tissues. [29]

STZ (60 mg/kg i.p. injection) in
Wistar rats

10 mg/kg for 3 weeks (in
combination with metformin), i.g. Improving impaired β-cell regeneration. [30]

High-fat diet in ICR mice 25 and 50 mg/kg for 8 weeks, i.v.

Reducing the levels of plasma TG, FFA,
cholesterol and phospholipids, decreasing
expression of SREBP1c, FAS, ACC, CPT1a,

and PPARα.

[35]

STZ (40 mg/kg i.p. injection) in
Wistar rats 10 mg/kg for 45 days, i.g. Reducing the levels of TBARS,

hydroperoxides and FFA in the liver. [37]

STZ (150 mg/kg i.p. injection) in
ICR mice

0.01% supplemented diet ad
libitum for 7 weeks Reducing TBARS in brown adipose tissue. [38]

3. Use of FA to Prevent and Treat DM Complications
3.1. The Effects of FA on Diabetic Nephropathy

Diabetic nephropathy (DN) is one of the most common microvascular complications
of diabetes, and has become one of the main causes of death in end-stage renal disease
(ESRD) [39]. Many pathways have been confirmed to be involved in the pathogenesis
of DN so far, including the mitogen-activated protein kinases (MAPKs)/extracellular
regulated protein kinases (Erk1/2) signaling pathway, the PI3K/Akt signaling pathway
and the advanced glycation end products (AGEs) pathway [40–42]. Currently, there is
a growing interest in the use of FA for the treatment of DN. A recent study suggested
that FA (100 mg/kg, i.g. once a day for 8 weeks) can markedly improve the renal organ
coefficient, increase activities of SOD, CAT, and GPx, and alleviate STZ-induced patho-
logical damage of renal tissue in diabetic rats [39]. Another study revealed that the oral
administration of FA at the dose of 50 mg/kg for 8 weeks can significantly ameliorate
renal cell apoptosis, inflammation and defective autophagy in diabetic rats by modulating
AGEs, nuclear factor kappa-B (NF-κB), MAPKs protein 38 (P38), c-Jun N-terminal kinase
(JNK) and Erk1/2 signaling pathways [43]. Oxidative stress leads to increased expression
of cyclooxygenase-2(COX-2), intercellular cell adhesion molecule-1 (ICAM-1), and vas-
cular endothelial cells adhesion molecule 1 (VACM-1) in the renal cortex. COX-2 could
induce glomerular hyperfiltration, while ICAM-1 as well as VACM-1 are known to induce
monocyte invasion [44–47]. Supplementation with FA at a dose of 10 mg/kg for 20 weeks
significantly reduced the thickness of the glomerular basement membrane, the glomerular
volume and mesangial matrix expansion in Otsuka Long-Evans Tokushima Fatty (OLETF)
diabetic rats’ kidneys. Additionally, further studies revealed that the level of monocyte
chemotactic protein 1 (MCP-1) was significantly decreased in cultured podocytes after
treatment with FA (10 µM) [48]. Overall, FA may prevent and treat DN, at least partly, by
reducing renal oxidative stress.

3.2. The Effects of FA on Diabetic Neuropathy

Diabetic neuropathy (DPN) is another common complication of diabetes which affects
30~90% of diabetic patients globally [49]. In a hyperglycemic environment, nerve cells and
fibers are prone to pathological changes which can be manifested as impaired vascular
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function, and lack of angiogenesis and neurotropic factors in nerves [50–52]. In addition,
multiple signaling pathways including the polyol pathway, hexosamine pathway, AGEs
pathway, PARP pathway, MAPK pathway, NF-κB pathway and tumor necrosis factor-α
(TNF-α) pathway are involved in the development and pathogenesis of DPN [53]. Previous
studies found that the levels of TNF-α, IL-1β and COX-2 were upregulated in SD rats with
DM after of 10 IU/kg insulin (s.c.) and 100 mg/kg FA (i.g.) for 4 weeks compared to strep-
tozotocin (STZ)-induced diabetic control rats [54,55]. Furthermore, Lin et al. (2010) found
that FA (10−5 M) increased the expression of angiogenic proteins such as vascular endothe-
lial growth factor (VEGF) and platelet-derived growth factor (PDGF), and upregulated
the number of their major regulator hypoxic-induced factor (HIF) through adjusting the
VEGF/PDGF/HIF1α pathway in human umbilical vein endothelial cells (HUVECs) [56].
These studies suggest that FA might be used for the treatment of DPN by downregulating
the expression of inflammatory factors and promoting angiogenesis.

3.3. The Effects of FA on Diabetic Hypertension

Diabetic hypertension (DHP), as one of the complications of DM, can cause endothelial
dysfunction and vascular disorder by activating the polyol pathway [57–61]. In the presence
of hyperglycemia, hexokinase is saturated, while excess glucose fails to be digested through
the glycolytic pathway but can be metabolized through the polyol pathway, along with
the activation of aldose reductase, which drives the conversion of glucose into sorbitol [58].
The accumulation of sorbitol in cells leads to the upregulation of NADH/NAD ratio in the
process of excessive sorbitol oxidation to fructose, which in turn causes various metabolic
imbalances including vascular dysfunction [59,62]. It has been reported that FA possesses
an inhibitory effect on aldose reductase in the polyol pathway [63]. L-arginine is catalyzed
by nitric oxide synthase (NOS) to produce nitric oxide (NO) in response to a variety of
factors, including mechanical shear stress [64]. NO can keep endothelial cells in a natural
resting state of vasodilation. It is well-known that NO can diffuse into the underlying
smooth muscle from endothelial cells and stimulate guanylate cyclase to increase cyclic
guanosine monophosphate(cGMP) production, which further induces the relaxation of
vascular smooth muscle and causes vasodilation [64–67]. Hypertension is associated
with NO deficiency, which is an important risk factor for atherosclerosis and endothelial
dysfunction [68]. Hypertension-induced vascular dysfunction may relate to vascular
remodeling and microvascular rarefaction caused by chronically elevated systemic arterial
blood pressure [57,69,70]. Moreover, STZ is known to induce an increase in both diastolic
and systolic blood pressure, and the administration of FA (20 mg/kg) by oral gavage for
6 weeks to STZ-induced diabetic rats improved endothelial-dependent relaxation, NO
production and vasoconstriction capacity in isolated aorta [71]. Badawy et al. (2013)
suggested that FA ameliorated diabetes-induced impairment of endothelial-dependent
relaxation and promoted NO production [71]. Additionally, Yin et al. (2014) found that FA
combined with astragaloside IV improved the release of NO and endothelial nitric oxide
synthase (eNOS) to alleviate vascular endothelial dysfunction through the NF-κB pathway,
thereby exerting inhibitory effects on hypertension [72].

3.4. The Effects of FA on Diabetic Retinopathy

Diabetic retinopathy (DR) is charactered by retinal microvascular changes, leading to
a certain degree of retinopathy and visual impairment [73]. Many pathways, including the
renin–angiotensin pathway, the kallikrein–kinin system and the AGEs pathway, are known
to be associated with the pathogenesis of DR [74]. The Chinese medicine formula He-
Ying-Qing-Re Formula (HF), with FA as a major component, is known to attenuate DR by
increasing the expression of tight junction proteins zonula occluden-1 (ZO-1) and activating
the Akt signaling pathway in human retinal endothelial cells (HRECs) at a concentration
of 100 µg/mL. Furthermore, HF was found to attenuate retinal vascular degeneration in
retinal vasculature through upregulating the level of claudin-1 and inhibiting the activation
of AGEs receptors in STZ-induced diabetic C57BL/5J mice at a dose of 100 mg/kg by
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gavage daily for 4 weeks [75]. Importantly, FA significantly ameliorated the expression of
apoptosis-related markers in retinal pigment epithelial cells, such as protein 53 (p53), B cell
lymphoma 2 (Bcl2) and Bcl2-associated x (Bax) [76]. These results indicate the promising
role of FA in the alleviation of DR.

3.5. The Effects of FA on Wound Healing with DM

In diabetic patients, the skin wound healing process is delayed under the stimula-
tion of the hyperglycemic environment caused by complex factors including abnormal
angiogenesis, and impaired function of keratinocytes and fibroblasts [77]. FA has the
characteristics of improving blood fluidity, inhibiting platelet aggregation, and exhibiting
strong antioxidant activity [77]. Additionally, the increased expression of angiogenesis-
related VEGF and PDGF in endothelial cells might be involved in the pharmacological
mechanism of FA in wound healing [56]. Moreover, FA-loaded electrospun biomimetic
multifunctional nanofibers were found to accelerate wound healing in STZ-injected dia-
betic albino Wistar rats by exerting antibacterial activity against Staphylococcus aureus and
Pseudomonas aeruginosa [78]. Thus, FA may improve diabetes-induced impaired wound
healing by promoting angiogenesis, decreasing oxidative stress and inhibiting bacterial
growth during wound healing.

3.6. The Effects of FA on Diabetic Cardiomyopathy

Cardiac diseases (including coronary heart disease and stroke) are the most common
non-communicable diseases globally [79]. Diabetic patients have a greater risk of heart
disease and a higher mortality. Emerging evidence suggests that people with diabetes
have almost more than twice the risk of developing heart failure as compared to peo-
ple without diabetes [80]. Sustained hyperglycemia aggravates reactive oxygen species
(ROS) production which leads to the changes in myocardium structure and function [81].
Diabetic cardiomyopathy (DCM) is characterized by markedly increased in levels of low-
density lipoprotein (LDL), glucose, glycated hemoglobin (HbA1c), and fibrotic markers
insulin-like growth factor (IGF)-B7 and transforming growth factor (TGF)-β1, along with
severe diastolic dysfunction [82]. With a high level of glucose in diabetic patients, the
opening of the mitochondrial permeability transition pore (mPTP) and depolarization of
the mitochondrial membrane potential eventually lead to increased mitochondrial ROS
production [83,84]. The mitochondrial ROS can disturb the function of cardiomyocytes via
inducing DNA damage, inflammation and apoptosis [85–88]. It has been demonstrated
that FA can protect cardiac mitochondria in different ways, such as by inhibiting mPTP
opening, disrupting mitochondrial membrane potential and reducing mitochondrial ROS
production [84]. Additionally, another study suggested that oral gavage with 50 mg/kg FA
for 8 weeks improved DCM via activating cardiac PI3K, Akt and glycogen synthase kinase
3β (GSK-3β), and ameliorating the translocation of glucose transporter type 4 (GLUT4) to
the cardiac membrane by activating PI3K/Akt signaling pathway in STZ-induced Wistar
rats [89]. Overall, based on its antioxidant and hypoglycemic effects, FA could be used as a
potential therapeutic drug for DCM.

3.7. The Effects of FA on Diabetic Alzheimer′s Disease

Cognitive impairment has been recognized as a typical characteristic of neurodegen-
erative disease in DM, and previous studies have shown that patients with diabetes have
an increased risk of behavioral delay and learning and memory deficits, which are closely
related to neurochemical and neurostructural changes, and this cognitive dysfunction may
be a risk factor that causes Alzheimer′s disease [90,91]. Long-term chronic hyperglycemia
promotes changes in inflammatory response and Alzheimer′s disease-like neurodegener-
ative changes, and impairs insulin signaling pathways, leading to cognitive dysfunction
in diabetic rats. A study revealed that the oral administration of FA at a dosage of 15 and
30 mg/kg for 4 consecutive weeks could exhibit beneficial effects on diabetes-induced
cognition lesions in STZ and high glucose-fat diet-treated SD rats, which was due to its in-
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volvement in regulating the accumulation of protein tyrosine phosphatase 1B (PTP1B) and
amyloid-β (Aβ) accumulation, as well as blocking the neuroinflammation and activating
insulin signaling pathway [9].

In addition, we summarize papers in detail that verified the major effects of FA in
management of diabetes complications in Table 2.

Table 2. Major effects of FA in management of diabetes complications.

Diabetic Models
(In Vitro and In Vivo) Dosage Range Diabetic

Complications Beneficial Effects and Involved Mechanisms References

STZ (50 mg/kg i.v. injection)
in male SD rats 100 mg/kg for 8 weeks, i.g. Diabetic nephropathy Improving the renal organ coefficient,

increasing activities of SOD, CAT, and GPx. [39]

STZ (50 mg/kg i.p. injection)
in Wistar rats 50 mg/kg for 8 weeks, i.g. Diabetic nephropathy

Ameliorating renal cell apoptosis,
inflammation and defective autophagy,

modulating advanced AGEs, NF-κB, MAPKs,
P38, JNK Erk1/2 signaling pathways.

[43]

Sucrose (30% in drinking
water) in OLETF rats 10 mg/kg for 20 weeks, i.g. Diabetic nephropathy

Reducing oxidative stress, inflammatory
response, and decreasing the ACR, urinary

MDA and MCP-1 levels.
[48]

STZ (55 mg/kg i.p. injection)
in SD rats

100 mg/kg for 4 weeks (in
combination with insulin), i.g. Diabetic neuropathy

Downregulating the levels of TNF-α and
IL-1β, decreasing COX-2 activity in the

sciatic nerve.
[54]

STZ (50 mg/kg i.p. injection)
in male Wistar rats 20 mg/kg for 6 weeks, i.g. Diabetic hypertension

Improving endothelial-dependent relaxation,
NO production and vasoconstriction capacity

in isolated aorta.
[71]

STZ (55 mg/kg i.p. injection)
in C57BL/5J mice

100 mg/kg HF containing FA
as a major component for

4 weeks, i.g.
Diabetic retinopathy

Attenuating retinal vascular degeneration
through upregulating the level of claudin-1

and inhibiting the activation of
AGEs receptors

[78]

HG (30 mmol/L) induced
ARPE-19 cells 10 mmol/L Diabetic retinopathy Ameliorating the expression p53, Bcl2

and Bax. [76]

STZ (50 mg/kg i.p. injection)
in Wistar rats

10 and 20 mg/kg for
14 days, i.g. Diabetic wound healing

Improving blood fluidity, inhibiting platelet
aggregation, and exhibiting strong

antioxidant activity.
[77]

STZ (50 mg/kg i.p. injection)
in Wistar rats 50 mg/kg for 8 weeks, i.g. Diabetic cardiomyopathy Activating cardiac PI3K, Akt and GSK-3β,

and ameliorating the translocation GLUT4. [89]

STZ (35 mg/kg i.p. injection)
and high-glucose-fat diet in

Wistar rats

15 and 30 mg/kg for
4 weeks, i.g. Diabetic Alzheimer′s disease

Regulating the accumulation of PTP1B and
Aβ, as well as blocking neuroinflammation

and activating the insulin signaling pathway.
[9]

4. Summary and Outlook

FA, a common natural product with few toxic and side effects, exerts hypoglycemic ef-
fects by attenuating the dysfunction of various target cells in the treatment of DM (Figure 4).
FA can ameliorate hepatic glucose prod disorder caused by insulin resistance through
increasing GK, GPx, SOD, and CAT and decreasing the activities of G6Pase and PEPCK.
By neutralizing free radicals, reducing lipid peroxidation and promoting insulin secretion,
FA reduces the β-cell dysfunction caused by diabetes and the excessive production of
free radicals, which is also related with its inhibition of the excess production of TG or
FFA caused by diabetes. Moreover, FA exerts a variety of effects on the complications
of DM (Figure 5). FA ameliorates DN by increasing the activity of SOD, CAT and GPx,
attenuates DPN by alleviating inflammatory response, mitigates DHP by promoting NO
production, controls DR by inhibiting the activation of AGEs receptors and the Akt signal-
ing pathway, promotes angiogenesis during wound healing, and treats DCM by inhibiting
ROS production. Among the signaling pathways regulated by FA administration, the
NF-κB signaling pathway is involved in the pathology of different diabetes complications,
such as DN, DPN, and DHP, and it also plays a role in β-cell destruction by regulating the
inflammatory response of β-cells. Similarly, the PI3K/Akt pathway is known to be a major
effector of insulin metabolism, and has a leading effect in the development of DN and
DCM. Therefore, both the NF-κB and PI3K/Akt pathways might be important mechanisms
of action of FA in the management of DM and its complications.
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Figure 4. The mechanisms of FA in alleviating hepatic glucose production and improving β-cell
function and lipid metabolism during the development of DM. FA, ferulic acid; DM, diabetes mellitus;
SOD, superoxide dismutase; CAT, catalase; GPx, glutathione peroxidase; GK, glucokinase; G6Pase,
glucose-6-phosphatase; PEPCK, phosphoenolpyruvate carboxykinase; TG, triglycerides; FFA, free
fatty acid.
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Overall, this review offers a summarized overview on the therapeutic effects of FA
on DM and its complications, which can contribute to the understanding of the biological
activity of FA. Although a variety of studies have been reported confirming the efficacy of
FA in the management of diabetes and its complications, the clinical effects of FA still need
to be tested in the future.

Author Contributions: X.L. (Xu Li), J.W., F.X., Y.J. and W.X. conceived the study. X.L. (Xu Li), J.W.,
F.X., C.C., X.L. (Xiang Li), X.S., W.Z. and Z.W. performed the review of the literature and wrote the
first draft of the paper. Y.J. and W.X. supervised the whole process. All authors approved the final
draft of the paper. All authors have read and agreed to the published version of the manuscript.

Funding: This work was funded by Natural Science Foundation of Liaoning Province (2020-MS-195),
Foundation of Liaoning Educational Committee (LJKZ0932), National Natural Science Founda-
tion of China (81803603), Project funded by China Postdoctoral Science Foundation (2021M691324,



Molecules 2022, 27, 6010 10 of 13

2017M621161, 2018T110462), Lianyungang Postdoctoral Research Funding Program (LYG20210017),
and Excellent Young Scholars Program of Shenyang Pharmaceutical University (YQ202114).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The original data used in this paper are all from published papers and
can be obtained from references in the text.

Conflicts of Interest: The authors declare no conflict of interests.

Sample Availability: Not applicable.

References
1. Amutha, A.; Datta, M.; Unnikrishnan, I.R.; Anjana, R.M.; Rema, M.; Narayan, K.M.V.; Mohan, V.J.P. Clinical profile of diabetes

in the young seen between 1992 and 2009 at a specialist diabetes centre in south India. Prim. Care Diabetes 2011, 5, 223–229.
[CrossRef]

2. Sun, H.; Saeedi, P.; Karuranga, S.; Pinkepank, M.; Ogurtsova, K.; Duncan, B.B.; Stein, C.; Basit, A.; Chan, J.C.N.; Mbanya, J.C.; et al.
IDF Diabetes Atlas: Global, regional and country-level diabetes prevalence estimates for 2021 and projections for 2045. Diabetes
Res. Clin. Pract. 2022, 183, 109119. [CrossRef]

3. Tran, N.; Pham, B.; Le, L.J.B. Bioactive compounds in anti-diabetic plants: From herbal medicine to modern drug discovery.
Biology 2020, 9, 252. [CrossRef]

4. Paiva, L.B.; Goldbeck, R.; Santos, W.D.; Squina, F.M. Ferulic acid and derivatives: Molecules with potential application in the
pharmaceutical field. Braz. J. Pharm. Sci. 2013, 49, 395–411. [CrossRef]

5. Franke, R.; Humphreys, J.; Hemm, M.; Denault, J.; Ruegger, M.; Cusumano, J.; Chapple, C. The Arabidopsis REF8 gene encodes
the 3-hydroxylase of phenylpropanoid metabolism. Plant J. 2002, 30, 33–45. [CrossRef]

6. Eckardt, N.A. Probing the mysteries of lignin biosynthesis: The crystal structure of caffeic acid/5-hydroxyferulic acid 3/5-O-
methyltransferase provides new insights. Plant Cell 2002, 14, 1185–1189. [CrossRef]

7. Lam, T.B.T.; Iiyama, K.; Stone, B.A.J.P. Caffeic acid: O-methyltransferases and the biosynthesis of ferulic acid in primary cell walls
of wheat seedlings. Phytochemistry 1996, 41, 1507–1510.

8. Neto-Neves, E.M.; da Silva Maia Bezerra Filho, C.; Dejani, N.N.; de Sousa, D.P. Ferulic Acid and Cardiovascular Health:
Therapeutic and Preventive Potential. Mini Rev. Med. Chem. 2021, 21, 1625–1637. [CrossRef]

9. Wang, H.; Sun, X.; Zhang, N.; Ji, Z.; Ma, Z.; Fu, Q.; Qu, R.; Ma, S. Ferulic acid attenuates diabetes-induced cognitive impairment
in rats via regulation of PTP1B and insulin signaling pathway. Physiol. Behav. 2017, 182, 93–100. [CrossRef]

10. Mancuso, C.; Santangelo, R.J.F.; Toxicology, C. Ferulic acid: Pharmacological and toxicological aspects. Food Chem. Toxicol. 2014,
65, 185–195. [CrossRef]

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

12. Alam, M.A.J. Anti-hypertensive effect of cereal antioxidant ferulic acid and its mechanism of action. Front. Nutr. 2019, 6, 121.
[CrossRef]

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

14. Saija, A.; Tomaino, A.; Trombetta, D.; De Pasquale, A.; Uccella, N.; Barbuzzi, T.; Paolino, D.; Bonina, F.J.I. In vitro and in vivo
evaluation of caffeic and ferulic acids as topical photoprotective agents. Int. J. Pharm. 2000, 199, 39–47. [CrossRef]

15. Madrigal-Santillán, E.; Madrigal-Bujaidar, E.; Álvarez-González, I.; Sumaya-Martínez, M.T.; Gutiérrez-Salinas, J.; Bautista, M.;
Morales-González, Á.; y González-Rubio, M.G.-L.; Aguilar-Faisal, J.L.; Morales-González, J.A.J.W. Review of natural products
with hepatoprotective effects. World J. Gastroenterol. 2014, 20, 14787. [CrossRef]

16. Su, C.; Yang, C.; Gong, M.; Ke, Y.; Yuan, P.; Wang, X.; Li, M.; Zheng, X.; Feng, W.J.M. Antidiabetic activity and potential mechanism
of amentoflavone in diabetic mice. Molecules 2019, 24, 2184. [CrossRef]

17. Zeng, F.; Luo, J.; Han, H.; Xie, W.; Wang, L.; Han, R.; Chen, H.; Cai, Y.; Huang, H.; Xia, Z. Allopurinol ameliorates liver injury in
type 1 diabetic rats through activating Nrf2. Int. J. Immunopathol. Pharm. 2021, 35, 20587384211031417. [CrossRef]

18. Hamadi, N.; Mansour, A.; Hassan, M.H.; Khalifi-Touhami, F.; Badary, O.J.J. Ameliorative effects of resveratrol on liver injury in
streptozotocin-induced diabetic rats. J. Biochem. Mol. Toxicol. 2012, 26, 384–392. [CrossRef]

19. Son, M.J.; Rico, C.W.; Nam, S.H.; Kang, M.Y.J.J. Effect of oryzanol and ferulic acid on the glucose metabolism of mice fed with a
high-fat diet. J. Food Sci. 2011, 76, H7–H10. [CrossRef]

20. Balasubashini, M.S.; Rukkumani, R.; Viswanathan, P.; Menon, V.P. Ferulic acid alleviates lipid peroxidation in diabetic rats.
Phytother. Res. Int. J. Devoted Pharmacol. Toxicol. Eval. Nat. Prod. Deriv. 2004, 18, 310–314. [CrossRef]

http://doi.org/10.1016/j.pcd.2011.04.003
http://doi.org/10.1016/j.diabres.2021.109119
http://doi.org/10.3390/biology9090252
http://doi.org/10.1590/S1984-82502013000300002
http://doi.org/10.1046/j.1365-313X.2002.01266.x
http://doi.org/10.1105/tpc.140610
http://doi.org/10.2174/1389557521666210105122841
http://doi.org/10.1016/j.physbeh.2017.10.001
http://doi.org/10.1016/j.fct.2013.12.024
http://doi.org/10.1139/apnm-2015-0002
http://doi.org/10.3389/fnut.2019.00121
http://doi.org/10.1016/j.phymed.2017.10.015
http://doi.org/10.1016/S0378-5173(00)00358-6
http://doi.org/10.3748/wjg.v20.i40.14787
http://doi.org/10.3390/molecules24112184
http://doi.org/10.1177/20587384211031417
http://doi.org/10.1002/jbt.21432
http://doi.org/10.1111/j.1750-3841.2010.01907.x
http://doi.org/10.1002/ptr.1440


Molecules 2022, 27, 6010 11 of 13

21. Friedman, J.E.; Sun, Y.; Ishizuka, T.; Farrell, C.J.; McCormack, S.E.; Herron, L.M.; Hakimi, P.; Lechner, P.; Yun, J.S. Phospho-
enolpyruvate Carboxykinase (GTP) Gene transcription and hyperglycemia are regulated by glucocorticoids in genetically
obesedb/db transgenic mice. J. Biol. Chem. 1997, 272, 31475–31481. [CrossRef]

22. Roh, S.S.; Kwon, O.J.; Yang, J.H.; Kim, Y.S.; Lee, S.H.; Jin, J.S.; Jeon, Y.D.; Yokozawa, T.; Kim, H.J. Allium hookeri root protects
oxidative stress-induced inflammatory responses and beta-cell damage in pancreas of streptozotocin-induced diabetic rats. BMC
Complement. Altern. Med. 2016, 16, 63. [CrossRef]

23. Wang, N.; Yi, W.J.; Tan, L.; Zhang, J.H.; Xu, J.; Chen, Y.; Qin, M.; Yu, S.; Guan, J.; Zhang, R. Apigenin attenuates streptozotocin-
induced pancreatic beta cell damage by its protective effects on cellular antioxidant defense. Vitr. Cell Dev. Biol. Anim. 2017, 53,
554–563. [CrossRef] [PubMed]

24. Liang, W.; Zhang, D.; Kang, J.; Meng, X.; Yang, J.; Yang, L.; Xue, N.; Gao, Q.; Han, S.; Gou, X. Protective effects of rutin on liver
injury in type 2 diabetic db/db mice. Biomed. Pharm. 2018, 107, 721–728. [CrossRef] [PubMed]

25. Panwar, R.; Raghuwanshi, N.; Srivastava, A.K.; Sharma, A.K.; Pruthi, V. In-vivo sustained release of nanoencapsulated ferulic
acid and its impact in induced diabetes. Mater. Sci. Eng. C Mater. Biol. Appl. 2018, 92, 381–392. [CrossRef]

26. Nomura, E.; Kashiwada, A.; Hosoda, A.; Nakamura, K.; Morishita, H.; Tsuno, T.; Taniguchi, H. Synthesis of amide compounds of
ferulic acid, and their stimulatory effects on insulin secretion in vitro. Bioorg. Med. Chem. 2003, 11, 3807–3813. [CrossRef]

27. Graf, E. Antioxidant potential of ferulic acid. Free. Radic. Biol. Med. 1992, 13, 435–448. [CrossRef]
28. Zhao, J.; Gao, J.; Li, H.J.C.; Biology, M. Ferulic acid confers protection on islet Î2 cells and placental tissues of rats with gestational

diabetes mellitus. Cell Mol. Biol. 2020, 66, 37–41. [CrossRef]
29. Roy, S.; Metya, S.K.; Sannigrahi, S.; Rahaman, N.; Ahmed, F.J.E. Treatment with ferulic acid to rats with streptozotocin-induced

diabetes: Effects on oxidative stress, pro-inflammatory cytokines, and apoptosis in the pancreatic β cell. Endocrine 2013, 44,
369–379. [CrossRef]

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

31. Engin, A.B.; Engin, A. Obesity and Lipotoxicity; Springer: Berlin/Heidelberg, Germany, 2017; Volume 960.
32. Muthukumaran, P.; Thiyagarajan, G.; Babu, R.A.; Lakshmi, B.S. Raffinose from Costus speciosus attenuates lipid synthesis

through modulation of PPARs/SREBP1c and improves insulin sensitivity through PI3K/AKT. Chem. Biol. Interact. 2018, 284,
80–89. [CrossRef] [PubMed]

33. Horton, J.D.; Goldstein, J.L.; Brown, M.S. SREBPs: Activators of the complete program of cholesterol and fatty acid synthesis in
the liver. J. Clin. Investig. 2002, 109, 1125–1131. [CrossRef] [PubMed]

34. Ferre, P.; Foufelle, F.J.D. obesity; metabolism, Hepatic steatosis: A role for de novo lipogenesis and the transcription factor
SREBP-1c. Diabetes Obes. Metab. 2010, 12, 83–92. [CrossRef] [PubMed]

35. Naowaboot, J.; Piyabhan, P.; Munkong, N.; Parklak, W.; Pannangpetch, P.J.C.; Pharmacology, E. Physiology, Ferulic acid improves
lipid and glucose homeostasis in high-fat diet-induced obese mice. Clin. Exp. Pharmacol. Physiol. 2016, 43, 242–250. [CrossRef]
[PubMed]

36. Durrington, P. Hyperlipidaemia 3Ed: Diagnosis and Management; CRC Press: Boca Raton, FL, USA, 2007.
37. Sri Balasubashini, M.; Rukkumani, R.; Menon, V.J.A.D. Protective effects of ferulic acid on hyperlipidemic diabetic rats. Acta

Diabetol. 2003, 40, 118–122. [CrossRef] [PubMed]
38. Ohnishi, M.; Matuo, T.; Tsuno, T.; Hosoda, A.; Nomura, E.; Taniguchi, H.; Sasaki, H.; Morishita, H.J.B. Antioxidant activity and

hypoglycemic effect of ferulic acid in STZ-induced diabetic mice and KK-Aˆ{y} mice. Biofactors 2004, 21, 315–319. [CrossRef]
39. Qi, M.-y.; Wang, X.-t.; Xu, H.-l.; Yang, Z.-l.; Cheng, Y.; Zhou, B. Protective effect of ferulic acid on STZ-induced diabetic

nephropathy in rats. Food Funct. 2020, 11, 3706–3718. [CrossRef]
40. Gajjala, P.R.; Sanati, M.; Jankowski, J. Cellular and molecular mechanisms of chronic kidney disease with diabetes mellitus and

cardiovascular diseases as its comorbidities. Front. Immunol. 2015, 6, 340. [CrossRef]
41. Sedeek, M.; Gutsol, A.; Montezano, A.C.; Burger, D.; Nguyen Dinh Cat, A.; Kennedy, C.R.; Burns, K.D.; Cooper, M.E.; Jandeleit-

Dahm, K.; Page, P.J.C. Renoprotective effects of a novel Nox1/4 inhibitor in a mouse model of Type 2 diabetes. Clin. Sci. 2013,
124, 191–202. [CrossRef]

42. Watanabe, N.; Shikata, K.; Shikata, Y.; Sarai, K.; Omori, K.; Kodera, R.; Sato, C.; Wada, J.; Makino, H. Involvement of MAPKs in
ICAM-1 expression in glomerular endothelial cells in diabetic nephropathy. Acta Med. Okayama 2011, 65, 247–257.

43. Chowdhury, S.; Ghosh, S.; Das, A.; Sil, P.C. Ferulic Acid Protects Hyperglycemia-Induced Kidney Damage by Regulating
Oxidative Insult, Inflammation and Autophagy. Front. Pharmacol. 2019, 10, 27. [CrossRef] [PubMed]

44. Inoguchi, T.; Sonta, T.; Tsubouchi, H.; Etoh, T.; Kakimoto, M.; Sonoda, N.; Sato, N.; Sekiguchi, N.; Kobayashi, K.; Sumimoto, H.
Protein kinase C–dependent increase in reactive oxygen species (ROS) production in vascular tissues of diabetes: Role of vascular
NAD (P) H oxidase. J. Am. Soc. Nephrol. 2003, 14, S227–S232. [CrossRef] [PubMed]

45. Kitada, M.; Koya, D.; Sugimoto, T.; Isono, M.; Araki, S.-i.; Kashiwagi, A.; Haneda, M.J.D. Translocation of glomerular p47phox
and p67phox by protein kinase C-β activation is required for oxidative stress in diabetic nephropathy. Diabetes 2003, 52, 2603–2614.
[CrossRef] [PubMed]

46. Onozato, M.L.; Tojo, A.; Goto, A.; Fujita, T. Radical scavenging effect of gliclazide in diabetic rats fed with a high cholesterol diet.
Kidney Int. 2004, 65, 951–960. [CrossRef] [PubMed]

http://doi.org/10.1074/jbc.272.50.31475
http://doi.org/10.1186/s12906-016-1032-1
http://doi.org/10.1007/s11626-017-0135-4
http://www.ncbi.nlm.nih.gov/pubmed/28181104
http://doi.org/10.1016/j.biopha.2018.08.046
http://www.ncbi.nlm.nih.gov/pubmed/30138894
http://doi.org/10.1016/j.msec.2018.06.055
http://doi.org/10.1016/S0968-0896(03)00280-3
http://doi.org/10.1016/0891-5849(92)90184-I
http://doi.org/10.14715/cmb/2019.66.1.6
http://doi.org/10.1007/s12020-012-9868-8
http://doi.org/10.1016/j.phymed.2012.12.004
http://doi.org/10.1016/j.cbi.2018.02.011
http://www.ncbi.nlm.nih.gov/pubmed/29458019
http://doi.org/10.1172/JCI0215593
http://www.ncbi.nlm.nih.gov/pubmed/11994399
http://doi.org/10.1111/j.1463-1326.2010.01275.x
http://www.ncbi.nlm.nih.gov/pubmed/21029304
http://doi.org/10.1111/1440-1681.12514
http://www.ncbi.nlm.nih.gov/pubmed/26541794
http://doi.org/10.1007/s00592-003-0099-6
http://www.ncbi.nlm.nih.gov/pubmed/14605967
http://doi.org/10.1002/biof.552210161
http://doi.org/10.1039/C9FO02398D
http://doi.org/10.3389/fimmu.2015.00340
http://doi.org/10.1042/CS20120330
http://doi.org/10.3389/fphar.2019.00027
http://www.ncbi.nlm.nih.gov/pubmed/30804780
http://doi.org/10.1097/01.ASN.0000077407.90309.65
http://www.ncbi.nlm.nih.gov/pubmed/12874436
http://doi.org/10.2337/diabetes.52.10.2603
http://www.ncbi.nlm.nih.gov/pubmed/14514646
http://doi.org/10.1111/j.1523-1755.2004.00470.x
http://www.ncbi.nlm.nih.gov/pubmed/14871415


Molecules 2022, 27, 6010 12 of 13

47. Kiritoshi, S.; Nishikawa, T.; Sonoda, K.; Kukidome, D.; Senokuchi, T.; Matsuo, T.; Matsumura, T.; Tokunaga, H.; Brownlee, M.;
Araki, E.J.D. Reactive oxygen species from mitochondria induce cyclooxygenase-2 gene expression in human mesangial cells:
Potential role in diabetic nephropathy. Diabetes 2003, 52, 2570–2577. [CrossRef]

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

49. Nasiry, D.; Khalatbary, A.R.; Ahmadvand, H.; Talebpour Amiri, F.; Akbari, E. Protective effects of methanolic extract of Juglans
regia L. leaf on streptozotocin-induced diabetic peripheral neuropathy in rats. BMC Complement. Altern. Med. 2017, 17, 476.
[CrossRef]

50. Makino, E.; Nakamura, N.; Miyabe, M.; Ito, M.; Kanada, S.; Hata, M.; Saiki, T.; Sango, K.; Kamiya, H.; Nakamura, K. Conditioned
media from dental pulp stem cells improved diabetic polyneuropathy through anti-inflammatory, neuroprotective and angiogenic
actions: Cell-free regenerative medicine for diabetic polyneuropathy. J. Diabetes Investig. 2019, 10, 1199–1208. [CrossRef]

51. Samii, A.; Unger, J.; Lange, W.J.N. Vascular endothelial growth factor expression in peripheral nerves and dorsal root ganglia in
diabetic neuropathy in rats. Neurosci. Lett. 1999, 262, 159–162. [CrossRef]

52. Kanada, S.; Makino, E.; Nakamura, N.; Miyabe, M.; Ito, M.; Hata, M.; Yamauchi, T.; Sawada, N.; Kondo, S.; Saiki, T.J.I.J.
Direct comparison of therapeutic effects on diabetic polyneuropathy between transplantation of dental pulp stem cells and
administration of dental pulp stem cell-secreted factors. Int. J. Mol. Sci. 2020, 21, 6064. [CrossRef]

53. Dewanjee, S.; Das, S.; Das, A.K.; Bhattacharjee, N.; Dihingia, A.; Dua, T.K.; Kalita, J.; Manna, P. Molecular mechanism of diabetic
neuropathy and its pharmacotherapeutic targets. Eur. J. Pharmacol. 2018, 833, 472–523. [CrossRef] [PubMed]

54. Dhaliwal, J.; Dhaliwal, N.; Akhtar, A.; Kuhad, A.; Chopra, K. Beneficial effects of ferulic acid alone and in combination with
insulin in streptozotocin induced diabetic neuropathy in Sprague Dawley rats. Life Sci. 2020, 255, 117856. [CrossRef] [PubMed]

55. Mirzamohammadi, S.; Nematollahi, M.H.; Mehrbani, M.; Mehrabani, M.J.C. Ferulic acid pretreatment could improve prognosis
of autologous mesenchymal stromal cell transplantation for diabetic neuropathy. Cytotherapy 2016, 18, 925–927. [CrossRef]
[PubMed]

56. Lin, C.-M.; Chiu, J.-H.; Wu, I.-H.; Wang, B.-W.; Pan, C.-M.; Chen, Y.-H. Ferulic acid augments angiogenesis via VEGF, PDGF and
HIF-1α. J. Nutr. Biochem. 2010, 21, 627–633. [CrossRef]

57. Martinez-Quinones, P.; McCarthy, C.G.; Watts, S.W.; Klee, N.S.; Komic, A.; Calmasini, F.B.; Priviero, F.; Warner, A.; Chenghao, Y.;
Wenceslau, C.F. Hypertension Induced Morphological and Physiological Changes in Cells of the Arterial Wall. Am. J. Hypertens
2018, 31, 1067–1078. [CrossRef]

58. González, R.G.; Barnett, P.; Aguayo, J.; Cheng, H.-M.; Chylack, L.J.D., Jr. Direct measurement of polyol pathway activity in the
ocular lens. Diabetes 1984, 33, 196–199. [CrossRef]

59. Yabe-Nishimura, C.J.P. Aldose reductase in glucose toxicity: A potential target for the prevention of diabetic complications.
Pharmacol. Rev. 1998, 50, 21–34.

60. Steinberg, H.O.; Chaker, H.; Leaming, R.; Johnson, A.; Brechtel, G.; Baron, A.D. Obesity/insulin resistance is associated with
endothelial dysfunction. Implications for the syndrome of insulin resistance. J. Clin. Investig. 1996, 97, 2601–2610. [CrossRef]

61. Reaven, G.M. Insulin resistance/compensatory hyperinsulinemia, essential hypertension, and cardiovascular disease. J. Clin.
Endocrinol. Metab. 2003, 88, 2399–2403. [CrossRef]

62. Mizukami, H.; Osonoi, S. Pathogenesis and Molecular Treatment Strategies of Diabetic Neuropathy Collateral Glucose-Utilizing
Pathways in Diabetic Polyneuropathy. Int. J. Mol. Sci. 2020, 22, 94. [CrossRef]

63. Yawadio, R.; Tanimori, S.; Morita, N. Identification of phenolic compounds isolated from pigmented rices and their aldose
reductase inhibitory activities. Food Chem. 2007, 101, 1616–1625. [CrossRef]

64. Murad, F. The nitric oxide–cyclic GMP signal transduction system for intracellular and intercellular communication. In Proceed-
ings of the 1992 Laurentian Hormone Conference; Elsevier: Amsterdam, The Netherlands, 1994; pp. 239–248.

65. Axelsson, K.; Wikberg, J.; Andersson, R.J.L.S. Relationship between nitroglycerin, cyclic GMP and relaxation of vascular smooth
muscle. Life Sci. 1979, 24, 1779–1786. [CrossRef]

66. Lazar, Z.; Meszaros, M.; Bikov, A. The Nitric Oxide Pathway in Pulmonary Arterial Hypertension: Pathomechanism, Biomarkers
and Drug Targets. Curr. Med. Chem. 2020, 27, 7168–7188. [CrossRef] [PubMed]

67. Sellak, H.; Yang, X.; Cao, X.; Cornwell, T.; Soff, G.A.; Lincoln, T.J.C. Sp1 transcription factor as a molecular target for nitric
oxide–and cyclic nucleotide–mediated suppression of cGMP-dependent protein kinase-Iα expression in vascular smooth muscle
cells. Circul. Res. 2002, 90, 405–412. [CrossRef]

68. Kostov, K.; Halacheva, L.J.I. Role of magnesium deficiency in promoting atherosclerosis, endothelial dysfunction, and arterial
stiffening as risk factors for hypertension. Int. J. Mol. Sci. 2018, 19, 1724. [CrossRef]

69. McIntyre, M.; Bohr, D.F.; Dominiczak, A.F.J.H. Endothelial function in hypertension: The role of superoxide anion. Hypertension
1999, 34, 539–545. [CrossRef]

70. Jacobsen, J.C.B.; Hornbech, M.S.; Holstein-Rathlou, N.-H. Significance of microvascular remodelling for the vascular flow reserve
in hypertension. Interface Focus 2011, 1, 117–131. [CrossRef] [PubMed]

71. Badawy, D.; El-Bassossy, H.M.; Fahmy, A.; Azhar, A. Aldose reductase inhibitors zopolrestat and ferulic acid alleviate hypertension
associated with diabetes: Effect on vascular reactivity. Can. J. Physiol. Pharmacol. 2013, 91, 101–107. [CrossRef]

72. Yin, Y.; Qi, F.; Song, Z.; Zhang, B.; Teng, J.J.B. Ferulic acid combined with astragaloside IV protects against vascular endothelial
dysfunction in diabetic rats. Biosci. Trends 2014, 8, 217–226. [CrossRef]

http://doi.org/10.2337/diabetes.52.10.2570
http://doi.org/10.3858/emm.2011.43.12.078
http://doi.org/10.1186/s12906-017-1983-x
http://doi.org/10.1111/jdi.13045
http://doi.org/10.1016/S0304-3940(99)00064-6
http://doi.org/10.3390/ijms21176064
http://doi.org/10.1016/j.ejphar.2018.06.034
http://www.ncbi.nlm.nih.gov/pubmed/29966615
http://doi.org/10.1016/j.lfs.2020.117856
http://www.ncbi.nlm.nih.gov/pubmed/32473246
http://doi.org/10.1016/j.jcyt.2016.04.006
http://www.ncbi.nlm.nih.gov/pubmed/27260211
http://doi.org/10.1016/j.jnutbio.2009.04.001
http://doi.org/10.1093/ajh/hpy083
http://doi.org/10.2337/diab.33.2.196
http://doi.org/10.1172/JCI118709
http://doi.org/10.1210/jc.2003-030087
http://doi.org/10.3390/ijms22010094
http://doi.org/10.1016/j.foodchem.2006.04.016
http://doi.org/10.1016/0024-3205(79)90067-5
http://doi.org/10.2174/0929867327666200522215047
http://www.ncbi.nlm.nih.gov/pubmed/32442078
http://doi.org/10.1161/hh0402.105898
http://doi.org/10.3390/ijms19061724
http://doi.org/10.1161/01.HYP.34.4.539
http://doi.org/10.1098/rsfs.2010.0003
http://www.ncbi.nlm.nih.gov/pubmed/22419978
http://doi.org/10.1139/cjpp-2012-0232
http://doi.org/10.5582/bst.2014.01081


Molecules 2022, 27, 6010 13 of 13

73. Filla, L.A.; Edwards, J.L.J.M.B. Metabolomics in diabetic complications. Mol. Biosyst. 2016, 12, 1090–1105. [CrossRef]
74. Heng, L.; Comyn, O.; Peto, T.; Tadros, C.; Ng, E.; Sivaprasad, S.; Hykin, P.J. Diabetic retinopathy: Pathogenesis, clinical grading,

management and future developments. Diabet. Med. 2013, 30, 640–650. [CrossRef] [PubMed]
75. Wang, L.; Wang, N.; Tan, H.Y.; Zhang, Y.; Feng, Y. Protective effect of a Chinese Medicine formula He-Ying-Qing-Re Formula on

diabetic retinopathy. J. Ethnopharmacol. 2015, 169, 295–304. [CrossRef] [PubMed]
76. Zhu, D.; Zou, W.; Cao, X.; Xu, W.; Lu, Z.; Zhu, Y.; Hu, X.; Hu, J.; Zhu, Q.J.P. Ferulic acid attenuates high glucose-induced apoptosis

in retinal pigment epithelium cells and protects retina in db/db mice. PeerJ 2022, 10, e13375. [CrossRef] [PubMed]
77. Ghaisas, M.M.; Kshirsagar, S.B.; Sahane, R.S. Evaluation of wound healing activity of ferulic acid in diabetic rats. Int. Wound. J.

2014, 11, 523–532. [CrossRef]
78. Anand, S.; Pandey, P.; Begum, M.Y.; Chidambaram, K.; Arya, D.K.; Gupta, R.K.; Sankhwar, R.; Jaiswal, S.; Thakur, S.; Rajinikanth,

P.S.J.P. Electrospun biomimetic multifunctional nanofibers loaded with ferulic acid for enhanced antimicrobial and wound-healing
activities in STZ-Induced diabetic rats. Pharmaceuticals 2022, 15, 302. [CrossRef] [PubMed]

79. Springmann, M.; Mason-D’Croz, D.; Robinson, S.; Garnett, T.; Godfray, H.C.J.; Gollin, D.; Rayner, M.; Ballon, P.; Scarborough,
P.J.T.L. Global and regional health effects of future food production under climate change: A modelling study. Lancet 2016, 387,
1937–1946. [CrossRef]

80. Dewanjee, S.; Vallamkondu, J.; Kalra, R.S.; John, A.; Reddy, P.H.; Kandimalla, R. Autophagy in the diabetic heart: A potential
pharmacotherapeutic target in diabetic cardiomyopathy. Ageing Res. Rev. 2021, 68, 101338. [CrossRef]

81. Abel, E.D.; Kaulbach, H.C.; Tian, R.; Hopkins, J.C.; Duffy, J.; Doetschman, T.; Minnemann, T.; Boers, M.-E.; Hadro, E.; Oberste-
Berghaus, C.J.T.J. Cardiac hypertrophy with preserved contractile function after selective deletion of GLUT4 from the heart. J.
Clin. Investig. 1999, 104, 1703–1714. [CrossRef] [PubMed]

82. Shaver, A.; Nichols, A.; Thompson, E.; Mallick, A.; Payne, K.; Jones, C.; Manne, N.D.; Sundaram, S.; Shapiro, J.I.; Sodhi, K. Role of
serum biomarkers in early detection of diabetic cardiomyopathy in the West Virginian population. Int. J. Med. Sci. 2016, 13, 161.
[CrossRef]

83. Gorski, P.A.; Ceholski, D.K.; Hajjar, R.J.J.C. Altered myocardial calcium cycling and energetics in heart failure—a rational
approach for disease treatment. Cell Metab. 2015, 21, 183–194. [CrossRef]

84. Jubaidi, F.F.; Zainalabidin, S.; Mariappan, V.; Budin, S.B. Mitochondrial dysfunction in diabetic cardiomyopathy: The possible
therapeutic roles of phenolic acids. Int. J. Med. Sci. 2020, 21, 6043. [CrossRef]

85. Rossi, A.; Pizzo, P.; Filadi, R. Calcium, mitochondria and cell metabolism: A functional triangle in bioenergetics. Biochim. Biophys.
Acta (BBA)-Mol. Cell Res. 2019, 1866, 1068–1078. [CrossRef] [PubMed]

86. Coughlan, M.T.; Thorburn, D.R.; Penfold, S.A.; Laskowski, A.; Harcourt, B.E.; Sourris, K.C.; Tan, A.L.; Fukami, K.; Thallas-Bonke,
V.; Nawroth, P.P.J.J. RAGE-induced cytosolic ROS promote mitochondrial superoxide generation in diabetes. J. Am. Soc. Nephrol.
2009, 20, 742–752. [CrossRef]

87. Herst, P.M.; Rowe, M.R.; Carson, G.M.; Berridge, M.V. Functional mitochondria in health and disease. Front. Endocrinol. 2017, 8,
296. [CrossRef] [PubMed]

88. Bhatti, J.S.; Bhatti, G.K.; Reddy, P.H. Mitochondrial dysfunction and oxidative stress in metabolic disorders—A step towards
mitochondria based therapeutic strategies. BBA-Mol. Basis Dis. 2017, 1863, 1066–1077. [CrossRef]

89. Chowdhury, S.; Ghosh, S.; Rashid, K.; Sil, P.C. Deciphering the role of ferulic acid against streptozotocin-induced cellular stress in
the cardiac tissue of diabetic rats. Food Chem. Toxicol. 2016, 97, 187–198. [CrossRef]

90. Craft, S.; Watson, G.J.T.L.N. Insulin and neurodegenerative disease: Shared and specific mechanisms. Lancet Neurol. 2004, 3,
169–178. [CrossRef]

91. Chin, S.; Rhee, S.; Chon, S.; Baik, S.; Park, Y.; Nam, M.; Lee, K.; Chun, K.; Woo, J.; Kim, Y.S. Hypoglycemia is associated with
dementia in elderly patients with type 2 diabetes mellitus: An analysis based on the Korea National Diabetes Program Cohort.
Diabetes Res. Clin. Pract. 2016, 122, 54–61. [CrossRef] [PubMed]

http://doi.org/10.1039/C6MB00014B
http://doi.org/10.1111/dme.12089
http://www.ncbi.nlm.nih.gov/pubmed/23205608
http://doi.org/10.1016/j.jep.2015.04.031
http://www.ncbi.nlm.nih.gov/pubmed/25929449
http://doi.org/10.7717/peerj.13375
http://www.ncbi.nlm.nih.gov/pubmed/35669949
http://doi.org/10.1111/j.1742-481X.2012.01119.x
http://doi.org/10.3390/ph15030302
http://www.ncbi.nlm.nih.gov/pubmed/35337100
http://doi.org/10.1016/S0140-6736(15)01156-3
http://doi.org/10.1016/j.arr.2021.101338
http://doi.org/10.1172/JCI7605
http://www.ncbi.nlm.nih.gov/pubmed/10606624
http://doi.org/10.7150/ijms.14141
http://doi.org/10.1016/j.cmet.2015.01.005
http://doi.org/10.3390/ijms21176043
http://doi.org/10.1016/j.bbamcr.2018.10.016
http://www.ncbi.nlm.nih.gov/pubmed/30982525
http://doi.org/10.1681/ASN.2008050514
http://doi.org/10.3389/fendo.2017.00296
http://www.ncbi.nlm.nih.gov/pubmed/29163365
http://doi.org/10.1016/j.bbadis.2016.11.010
http://doi.org/10.1016/j.fct.2016.09.011
http://doi.org/10.1016/S1474-4422(04)00681-7
http://doi.org/10.1016/j.diabres.2016.09.027
http://www.ncbi.nlm.nih.gov/pubmed/27810686

	Introduction 
	Use of FA to Prevent and Treat DM 
	The Effects of FA on Hepatic Glucose Production 
	The Effects of FA on -Cell Function 
	The Effects of FA on Lipid Metabolism 

	Use of FA to Prevent and Treat DM Complications 
	The Effects of FA on Diabetic Nephropathy 
	The Effects of FA on Diabetic Neuropathy 
	The Effects of FA on Diabetic Hypertension 
	The Effects of FA on Diabetic Retinopathy 
	The Effects of FA on Wound Healing with DM 
	The Effects of FA on Diabetic Cardiomyopathy 
	The Effects of FA on Diabetic Alzheimer's Disease 

	Summary and Outlook 
	References

