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Diabetes mellitus is a significant public health challenge worldwide, and in many
developing countries, diabetes and its complications are the number one cause of morbidity
and mortality. Besides genetic predisposition, unhealthy lifestyle habits, unhealthy diet,
stress, and lack of appropriate physical activity could lead to increased and uncontrolled
blood glucose levels, insulin resistance, and obesity, which eventually lead to diabetic
mellitus. There are two major types of diabetes. Type 1 diabetes results from genetic
predisposition and autoimmune destruction of pancreatic beta cells. Type 2 diabetes is due
to increased stress, insulin resistance, obesity, and a sedentary lifestyle. Although hyper-
glycemia can be controlled with pharmaceutical drugs, lifestyle adjustments, increased
physical activity, and reduced stress, the underlying molecular causes of diabetes and its
complications still need to be explored. Recent advances in molecular therapeutics target
molecular mechanisms involved in glucose metabolism, insulin signaling, and pancreatic
B-cell function.

Recent studies suggest that glucagon-like peptide-1 (GLP-1) receptor agonists and
dipeptidyl peptidase-4 (DPP-4) inhibitors enhance insulin secretion, offering cardiovascular
benefits [1,2]. Similarly, sodium-glucose co-transporter 2 (SGLT 2) inhibitors have been
shown to lower blood sugar by promoting urinary glucose excretion and protecting renal
and heart health [3]. Gene and stem cell therapies are also emerging, with gene editing
tools like clustered regularly interspaced short palindromic repeats (CRISPR) aiming to
correct insulin-related defects, and stem cells being used to generate insulin-producing
cells [4]. However, conventional treatments such as insulin and glucose-lowering drugs
may also come with potential side effects. For example, GLP-1 receptor agonists may
cause gastrointestinal issues and, in rare cases, pancreatitis or thyroid concerns [5]. DPP-4
inhibitors could also lead to respiratory symptoms and joint pain [6]. Similarly, SGLT2
inhibitors have been shown to increase the risk of urinary infections and diabetic ketoaci-
dosis [7]. Therefore, careful monitoring and effective dosage adjustment are crucial when
using these drugs. Further, recent advances in precision medicine and pharmacogenomics
studies could also help to personalize treatment strategies and individual drug responses.
Reducing oxidative stress, increasing antioxidant defenses, and modulating the pathways
that regulate key molecular pathways in innate immune and inflammatory responses
are also emerging approaches to control diabetes and its associated complications such
as retinopathy, neuropathy, nephropathy, and cardiovascular diseases. Thus, develop-
ing novel therapeutics holds significant promise for controlling diabetes and improving
long-term patient outcomes.

In this Special Issue, we compile recent findings on the role of novel molecular ther-
apeutics in ameliorating diabetes and related complications. The compiled review and
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research articles discuss how current molecular therapeutics represent a paradigm shift in
treating diabetes and its complications.

An excellent article by Muntean et al. (contribution 1) investigated whether specific
gene polymorphisms associated with type 2 diabetes (ADIPOQ rs266729, CDKN2A /2B
rs10811661, and SSR1 rs9505118) are linked to gestational diabetes mellitus (GDM) and
perinatal outcomes in Romanian pregnant women. This study reported that among 213 par-
ticipants, those with GDM had significantly higher pre-pregnancy body mass index (BMI),
insulin resistance, and lower adiponectin levels, as well as more frequent gestational hy-
pertension and perineal lacerations. However, no significant associations were found
between the studied gene polymorphisms and GDM. Only weak correlations were ob-
served between specific genetic models and certain birth outcomes, suggesting that these
polymorphisms are not major contributors to GDM in this population. Similarly, Guardiola
etal. (contribution 2) showed the relationship between specific growth differentiation factor
15 (GDF15) gene variants and metabolic diseases, focusing on three SNPs in a cohort of 153
individuals. Among these, only the rs1054564 variant was significantly associated with
elevated GDF15 serum levels and a higher frequency of diabetes and atherosclerotic carotid
plaque. These studies thus suggest that the rs1054564 variant independently increased the
risk of diabetes and subclinical atherosclerosis, suggesting its potential as a genetic marker
for these conditions. Further, a 12-year follow-up METSIM cohort study by SFernandes
Silva et al. (contribution 3) identified the metabolic markers associated with impaired
kidney function by analyzing 1,009 metabolites in 10,159 Finnish men. They found 108
metabolites significantly associated with decreased eGFR, including 28 novel ones across
various categories such as amino acids, lipids, and xenobiotics. These findings offer new
insights into metabolic pathways linked to kidney function decline and may help in the
early detection and prevention of kidney-related complications.

Esteves-Monteiro et al. (contribution 4) examined the gastrointestinal complications
of diabetes in type 2 diabetic Goto-Kakizaki (GK) rats. They showed a significant thick-
ening of the intestinal wall and muscular layers and a reduction in myenteric neuronal
density, suggesting structural and neurological alterations in GK rats. Diabetic rats showed
decreased glutathione (GSH) levels and a lower GSH/GSSG ratio in most gut segments.
This indicates that diabetes induces substantial intestinal remodeling and oxidative dam-
age, which may underlie the gastrointestinal dysfunction frequently observed in diabetic
patients. Another animal study by Drygalski et al. (contribution 5) showed the potential
role of phloroglucinol (PHG) in preventing non-alcoholic fatty liver disease (NAFLD) and
insulin resistance caused by a high-fat diet in Wistar rats. PHG treatment improved fasting
glucose levels, insulin sensitivity, and liver health. PHG also influenced gastric motility
through potassium channel activation and nitric oxide signaling, suggesting PHG as a
promising candidate for further clinical investigation.

Interestingly, a case study by Mikami-Saito et al. (contribution 6) reported an associa-
tion between oral Semaglutide and carnitine depletion. A 34-year-old male with multiple
acyl-CoA dehydrogenase deficiency developed hypoglycemia and significantly reduced
blood-free carnitine levels after switching from injectable to oral Semaglutide. This find-
ing highlights the need for clinicians to monitor carnitine levels in at-risk patients taking
salcaprozate sodium-containing medications.

This Special Issue also published four informative review articles on recent molecular
therapeutics in diabetes. Puscasu et al. (contribution 7) discussed the potential of N-methyl-
D-aspartate receptor (NMDAR) antagonists such as ketamine, memantine, and methadone
as therapeutic options for neuropathic pain. They indicated these agents’ efficacy in manag-
ing various forms of neuropathic pain, which is a common diabetes complication. Another
article by Cheng and Zhang discussed how mesenchymal stem cell (MSC) therapy is a
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promising approach for reversing renal damage and restoring kidney function in diabetic
kidney disease (DKD). Specifically, they reported current research on MSC-based therapies,
their mechanisms of action, and their integration with conventional treatments. Similarly,
Guo et al. (contribution 8) discussed recent advancements in molecular therapeutics such
as miRNA therapy, stem cell therapy, gene therapy, gut microbiota-targeted treatment, and
lifestyle interventions as promising new avenues for DKD management. Finally, a sys-
tematic review by Keskesiadou et al. (contribution 9) explored the potential link between
endocrine-disrupting chemicals (EDCs) and the development of type 1 diabetes mellitus.
This study identified a correlation between type 1 diabetes and specific EDCs, including
bisphenol A, bisphenol S, phthalates, dioxins, and persistent organic pollutants (POPs).
Thus, this report supports a correlation between EDCs and type 1 diabetes.

In conclusion, the articles published in this Special Issue highlight molecular thera-
peutics as a transformative approach to treat diabetes and its complications. By targeting
the genetic and biochemical pathways involved in the pathophysiology of diabetes, these
advanced therapies could significantly improve patient outcomes. Further, continued
research is essential to fully understand how these novel treatments will facilitate a future
where diabetes is manageable and potentially curable.
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Abstract: Gestational diabetes mellitus (GDM) and type 2 diabetes mellitus (T2DM) are
public health concerns worldwide. These two diseases share the same pathophysiological
and genetic similarities. This study aimed to investigate the T2DM known single nucleotide
polymorphisms (SNPs) of the adiponectin C1Q and collagen domain containing (ADIPOQ),
cyclin-dependent kinase inhibitor 2A and 2B (CDKN2A/2B), and signal sequence receptor
subunit 1 (SSR1) genes in a cohort of Romanian GDM pregnant women and perinatal out-
comes. DNA was isolated from the peripheral blood of 213 pregnant women with (n = 71)
or without (n = 142) GDM. Afterward, ADIPOQ (rs266729), CDKN2A/2B (rs10811661),
and SSR1 (rs9505118) gene polymorphisms were genotyped using TagMan Real-Time
PCR analysis. Women with GDM had a higher pre-pregnancy body mass index (BMI)
(p < 0.0001), higher BMI (p < 0.0001), higher insulin resistance homeostatic model assess-
ment (IR-HOMA) (p = 0.0002), higher insulin levels (p = 0.003), and lower adiponectin levels
(p = 0.004) at birth compared to pregnant women with normoglycemia. GDM pregnant
women had gestational hypertension (GH) more frequently during pregnancy (p < 0.0001),
perineal lacerations more frequently during vaginal birth (p = 0.03), and more macrosomic
newborns (p < 0.0001) than pregnant women from the control group. We did not find
an association under any model (allelic, genotypic, dominant, or recessive) of ADIPOQ
15266729, CDKN2A/2B rs10811661, and SSR1 rs9505118 polymorphisms and GDM. In cor-
relation analysis, we found a weak positive correlation (r = 0.24) between the dominant
model GG + CG vs. CC of 15266729 and labor induction failure. In the dominant model
TT vs. CC + CT of rs10811661, we found a weak negative correlation between this model
and perineal lacerations. Our results suggest that the ADIPOQ rs266729, the CDKN2A/2B
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rs10811661, and the SSR1 rs9505118 gene polymorphisms are not associated with GDM in
a cohort of Romanian pregnant women.

Keywords: SNPs; gestational diabetes mellitus; ADIPOQ; CDKN2A /2B; SSR1; gene

1. Introduction

The World Health Organization (WHO) report from 2022 showed that the incidence of
overweight adults and obesity in adults over 20 years has increased in Europe in recent
years [1]. Unfortunately, childhood and adolescent overweight and obesity incidences
have also increased, occurring in up to 21% of American adolescents [2,3]. Obesity in
adolescents is associated with an increased risk of insulin resistance, type 2 diabetes
mellitus (T2DM), hypertension, cardiovascular diseases, musculoskeletal problems, sleep
disorders, depression, and cancer later in life [2,4].

T2DM and GDM are two forms of diabetes mellitus (DM).

T2DM is defined as a value of glycosylated hemoglobin Alc (HbAlc) > 6.5%, fasting
plasma glucose > 126 mg/dL, or 2 h plasma glucose > 126 mg/dL during an oral glucose
tolerance test, or a patient with symptoms of hyperglycemia or hyperglycemic crisis and a
random glucose > 200 mg/dL [5].

GDM is defined as diabetes diagnosed in the second or third trimester of pregnancy
that was not diagnosed before gestation as T2DM or another type of diabetes (type 1
diabetes mellitus) throughout the first trimester of pregnancy [5]. These two forms of DM
have almost the same risk factors, such as a high glycemic index diet, overweight, obesity,
impaired glucose tolerance, physical inactivity [6-8], family history of DM, and specific
ethnicity (non-Hispanic Black women, Pima Indians) [6-8]. GDM and T2DM also share
the same metabolic abnormalities, such as increased insulin resistance, decreased insulin
secretion, and altered levels of adipokines like adiponectin [6,8-10], and consequently, 40%
of women with a history of GDM will develop T2DM in the next 15 years after a pregnancy
affected by GDM [7].

In addition to environmental and lifestyle factors, the genetic component of T2DM
occurrence is highlighted by the 72% heritability in monozygotic twin pairs [11]. There is
increasing evidence that GDM has both epigenetic and genetic components, with certain
genetic variants linked to GDM also being prevalent in T2DM [12-14]. DNA methylation
of genes like insulin-like growth factor-2 (IGF-2) related to insulin and glucose metabolism
is one of the epigenetic mechanisms involved in the development of GDM [14,15]. The
polymorphisms of the insulin receptor gene (INSR) [16], and of transcription factor 7-like 2
(TCF7L2) [17] are examples of gene polymorphisms associated with GDM.

Some genome-wide association studies (GWAS) showed that rs266729 single nu-
cleotide polymorphisms (SNP) in the promoter of the ADIPOQ gene [18,19] are associated
with GDM and adiponectin serum levels in GDM patients, suggesting that genetics play
a role in circulating adiponectin in pregnant women with GDM [19]. The ADIPOQ gene
is located on chromosome 3q27 and consists of three exons and two introns. SNPs in the
ADIPOQ gene are also associated with T2DM and type 1 DM (T1DM) [20].

Rs10811661 polymorphism of the gene CDKN2A/2B, localized on chromosome 9p21.3,
is associated with altered beta cell function, impaired insulin release, and impaired glucose
tolerance (IGT) [21]. CDKN2A/2B encodes two kinase inhibitors essential for beta cell
function. GWASs show that rs10811661 polymorphism was associated with GDM and
T2DM risk in Chinese populations [22,23]. Conversely, some studies show that a higher
number of C alleles of rs10811661 were protective against GDM [24].
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Another SNP associated with GDM [25] and T2DM [26] is rs9505118 of the SSR1 gene,
on chromosome 6p24.3. The SSR1 gene is involved in regulating fasting insulin and fasting
glucose levels [27].

Based on the above findings, we hypothesized that SNP rs266729 in the ADIPOQ gene,
rs10811661 in the CDKN2A/2B gene, and rs9505118 in the SSR1 gene are associated with
GDM and perinatal outcomes.

This study focused on comparing the single nucleotide polymorphisms (SNPs)
rs266729 in the ADIPOQ gene, rs10811661 in the CDKN2A/2B gene, and rs9505118 in
the SSR1 gene among a cohort of Romanian GDM patients versus healthy pregnant women.
Additionally, it explored the perinatal outcomes and the relationship between these poly-
morphisms and perinatal outcomes.

2. Results
2.1. Maternal Demographic, Anthropometric, and Biochemical Parameters at Birth

Table 1 presents the demographic, anthropometric, and biochemical parameters of the
pregnant women included in the study.

Table 1. Demographic, anthropometric, and biochemical parameters of GDM and control cases

at birth.
Parameters GD(}:/I:;;()NP Cor;;r:lli;zr)o up p-Value
Maternal age at delivery, Median (IQR) 33.0 (31.0-34.0) 31.0 (30.0-32.0) 0.051
Heredo-colateral history of T2DM, % 25 (35.2%) 15 (10.6%) <0.0001
Gestation, Median (IQR) 2.0 (1.0-3.0) 2.0 (1.0-3.0) 0.2
Parity, Median (IQR) 2.0 (1.0-4.0) 1.0 (1.0-4.0) 0.2
Gestational age at %‘éilz)ery' weeks, Median 38.6 (38.2-39.3) 39.2 (38.5-39.5) 0.001
Pre-pregnancy BMI, Kg/ m?, Median (IQR) 27.58 (25.7-29.0) 22.1 (21.7-22.76) <0.0001
GWG, Mean (SD) 12.7 £7.13 15.3 £5.49 0.004
BMI at birth, Kg/m?, Mean (SD) 33.1+552 28.5+ 3.8 <0.0001
MUAC, cm, Median (IQR) 31.5 (28.4-33.9) 28.0 (26.2-41.2) <0.0001
TST, mm, Median (IQR) 22.2 (18.8-25.8) 19.6 (14.8-24.2) 0.001
CRP, mg/dL, Median (IQR) 0.76 (0.4-1.18) 0.62 (0.3-1.0) 0.68
HgbA1lc, %, Median (IQR) 5.6 (5.4-6.1) 5.4 (5.2-5.5) <0.0001
IR-HOMA, Median (IQR) 3.23(2.0-4.2) 2.3 (1.6-3.4) 0.0002
Insulin, mUI/L, Median (IQR) 14.8 (10.1-20.8) 11.7 (8.4-16.3) 0.003
C-peptide, Median (IQR) 3.2(24-3.9) 2.7 (2.0-34) 0.008
Adiponectin, ng/mL, Median (IQR) 6020 (4346-7306) 7131 (5272-8724) 0.004

Note: Data are presented as medians (standard deviation or interquartile range), counts, and percentages.
T2DM = type 2 diabetes mellitus; BMI = body mass index; GWG = gestational weight gain; IQR = interquartile
range, MUAC = mid-upper arm circumference; TST = tricipital skinfold thickness; CRP = C reactive protein;
HbA1lc = glycosylated hemoglobin; IR HOMA = insulin resistance homeostatic model assessment; SD = stan-
dard deviation.

We found that GDM patients had a significantly higher incidence of a heredo-collateral
history of T2DM (p < 0.0001) and a lower gestational age at delivery than the control group
(p =0.001).
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In the case of anthropometric parameters, GDM patients were overweight before
pregnancy and became obese grade 1 at birth. They had a greater pre-pregnancy BMI
(p <0.0001), a greater BMI at birth (p <0.0001), and a lower GWG (p = 0.004) than the
control group. The values of MUAC and TST were also greater than those of the controls
(p <0.0001 and p = 0.001, respectively). CRP values were not different between the groups
(p = 0.68). Regarding glucose homeostasis parameters and insulin resistance parameters
at birth, the GDM group had significantly higher values than the control group (HgbAlc
(p <0.0001), insulin (p = 0.003), and C-peptide (p = 0.008)). Serum adiponectin values at
birth in the GDM group were significantly lower than in the control group (p = 0.004).
However, in the GDM group, there were no differences in adiponectin values at birth
between different rs266729 genotypes (CC vs. CG p = 0.9, CC vs. GG p = 0.8).

Table 2 shows newborn anthropometric characteristics. Newborns from GDM were
heavier than those from the control group (p = 0.01). The MUAC values of newborns
from GDM mothers were greater than those of newborns from the control group mothers
(p = 0.03). There was no difference between groups regarding the 5 min APGAR score or
newborn gender.

Table 2. Newborn anthropometric characteristics.

Newborn GDM Group Control Group

Characteristics (n=71) (n = 142) p-Value
Weight, g, Median 3470 (3170-3850) 3350 (3108-3603) 0.01
APGAR 5 min
>7 71 (100%) 142 (100%) N/A
<7 0 0 N/A
Newborn gender, n, %
Female, 38 (53.5%) 68 (47.9%) 0.47
Male 33 (46.5%) 74 (52.1%)
MUAC, mm, Mean, (SD) 11.26 4+ 1.08 10.9 £+ 0.89 0.03
TST, mm, Mean (SD) 6.12 +1.45 5.67 £1.29 0.051

Note: Data are presented as medians (standard deviation or interquartile range), counts, and percent-
ages. IQR = interquartile range; MUAC = mid-upper arm circumference; TST = tricipital skinfold thickness;
SD = standard deviation.

In a multivariate logistic regression analysis, we found that a higher pre-pregnancy
BMI independently predicted an increased risk of GDM (Table 3), with an OR of 1.247 for
pre-pregnancy BMI.

Table 3. Multivariate logistic regression analysis assessing predictors of higher hazard of GDM.

Parameters OR (95% CI) p-Value
Maternal age 1.043 (0.973-1.118) 0.2
Pre-pregnancy BMI 1.247 (1.151-1.352) 0.0001
Parity (>2) 1.057 (0.646-1.730) 0.8

Note: BMI = body mass index.

2.2. Maternal-Fetal Outcomes

Maternal-fetal outcomes are shown in Table 4. Pregnant women with GDM from
our cohort had GH more frequently during pregnancy (p < 0.0001), experienced perineal
lacerations during vaginal birth (p = 0.03), and delivered macrosomic newborns (p < 0.0001)
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more often than healthy pregnant women from the control group. There were no differences
in the incidence of cesarean section rates between groups (p = 0.76).

Table 4. Maternal-fetal outcomes.

GDM Group Control Group

Parameters o =71) (1 = 142) p-Value
Gestational hypertension, n, % 12 (16.9%) 3(2.1%) <0.0001
Preterm birth (<37 weeks), n, % 5 (7.0%) 8 (5.6%) 0.4
Failure of labor induction, n, % 3 (4.2%) 2 (1.4%) 0.2

Cesarean section, n, % 45 (63.38%) 93 (67.39%) 0.76
Perineal lacerations, n, % 8 (11.3%) 5 (3.5%) 0.03
Macrosomia (>4000 g), n, % 15 (21.1%) 5 (3.5%) <0.0001

Note: data are presented as counts and percentages.

2.3. Association Between Maternal Studied Gene Polymorphisms and the Risk of GDM

Table 5 shows the frequencies and distribution of alleles and genotypes in the rs266729,
rs10811661, and rs9505118 polymorphisms in GDM and control women. Under any model
(the allele model, the genotypic model, the codominant model, the dominant model, and the
recessive model), we did not find significant differences in allele and genotype frequencies
of all studied SNPs between the GDM and control groups (p > 0.05).

Table 5. Comparison of maternal genotype frequencies between GDM cases and control group.

Parameters G(IZ IZI;;; OOZP C(z:t:r()ll4§;)r;:1p p-Value
s 266729
Alele
C 109 76.7% 215 75.7%
G 33 23.2% 69 24.2% 09
Genotype
CC 41 57.7% 85 59.9%
CG 27 38.0% 45 31.7% 0.4
GG 3 4.2% 12 8.5%
rs 9505118
Alele
A 89 62.6% 164 57.7%
G 53 37.3% 120 42.2% 03
Genotype
AA 23 32.4% 44 31.0%
AG 42 59.2% 76 53.5% 0.3
GG 6 8.5% 22 15.5%
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Table 5. Cont.

Parameters G(IZ 1117?; OOZP C((): t=ro114§;)r;:1p p-Value
rs10811661
Alele
C 29 20.4% 53 18.6%
T 113 79.5% 231 81.3% 06
Genotype
CC 4 5.6% 8 5.6%
CT 23 32.4% 38 26.8% 0.6
TT 44 62.0% 96 67.6%

The rs 266729 polymorphism was in Hardy-Weinberg equilibrium (HWE) in GDM cases (p = 0.57), and control
cases (p = 0.09). The rs 9505118 polymorphism was out of HWE in GDM cases (p = 0.03), but in control cases, it
was in HWE (p = 0.24). The rs10811661 polymorphism was in HWE in GDM cases (p = 0.66), and control cases
(p=0.11).

2.4. Correlations Between 15266729, rs10811661, and rs9505118 Polymorphisms and
Maternal-Fetal Outcomes

In correlation analysis, we found a weak positive correlation (r = 0.24) between the
dominant model GG+CG vs. CC of rs266729 and labor induction failure. In the dominant
model TT vs. CC+CT of rs10811661, we found a weak negative correlation between the
rs10811661 SNP and perineal lacerations. Table 6 shows correlations between the studied
SNPs and maternal-fetal outcomes.

Table 6. Correlations between rs266729, rs10811661, and rs9505118 polymorphisms and maternal-fetal
outcomes in pregnant women with GDM (n = 71).

Variables/Genotypes _ _
. 15266729- rs266729- gfffélgs éscgi[fcl;lss rs10811661-  rs10811661-TT
L CG+GGvs. CC  CG+CCvs. GG G AA CT+TTvs.CC  vs.CC+CT
r —0.124 0.058 0.084 0.073 ~0.171 0.011
Preterm birth

p-value 0.303 0.632 0.488 0.546 0.153 0.926

Labor induction r 0.246 * 0.044 —0.188 —0.154 0.051 —0.165
failure p-value 0.039 0.715 0.117 0.200 0.671 0.170

Perineal r —0.034 —0.147 —0.052 0.151 0.087 —0.279*
lacerations p-value 0.776 0.223 0.667 0.207 0.470 0.018
Macrosomia r —0.093 —0.063 -0215 0.063 0.126 0.092
(=4000 g) p-value 0.438 0.603 0.072 0.600 0.293 0.445
Gestational r 0.071 0.095 -0.133 0.152 ~0.053 0.189
hypertension p-value 0.558 0.432 0.268 0.207 0.662 0.115

*. Correlation is significant at the 0.05 level (2-tailed). Spearman correlation.

3. Discussion

In our study, we found that women from the GDM group had a higher incidence of a
heredo-collateral history of T2DM and delivered at a lower gestational age compared to the
control group. They exhibited greater adiposity, insulin resistance, and lower adiponectin
levels at birth than the control group. Pregnant women with GDM in our cohort experienced
GH more frequently during pregnancy, suffered perineal lacerations during vaginal births,
and delivered macrosomic newborns more often than those in the control group. We
did not observe significant differences in allele and genotype frequencies of all examined
SNPs between the GDM and control groups. In correlation analysis, we identified a weak
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positive correlation between the dominant model GG+CG versus CC of rs266729 and labor
induction failure. In the dominant model TT versus CC+CT of rs10811661, we found a
weak negative correlation between the rs10811661 SNP and perineal lacerations.

Concerning the higher incidence of heredo-collateral history of T2DM from our cohort,
this aligns with the findings of McIntyre et al.’s [8] findings. Additionally, Monod et al. [28]
found that pregnant women with both parents diagnosed with T2DM exhibited worse
glucometabolic profiles at the end of the first trimester and were more frequently diagnosed
with GDM during pregnancy, indicating the influence of genetic and environmental factors
on GDM occurrence. We collected data regarding the heredo-collateral history of T2DM
without distinguishing between first- or second-degree relatives affected by T2DM or
between pregnant women with affected mothers, fathers, or both.

In the case of greater adiposity, Zhu et al. [29], Dias et al. [30], and Tangjittipokin
et al. [19] also found that GDM pregnant women have higher pre-pregnancy BMI and
greater BMI at birth compared to the control pregnant group. In obese pregnant women,
weight gain during gestation leads to an increase in visceral and subcutaneous adipose
tissue. This results in visceral adipose tissue dysfunction and the release of inflammatory
cytokines (tumor necrosis factor—TNF-«, interleukin-6 (IL-6), and CRP), which can alter
hepatic glucose production. Consequently, this leads to increased glucose output from the
liver, reduced glucose uptake in muscle tissue, and heightened insulin resistance [31-33].

During a healthy pregnancy, increased insulin resistance is counterbalanced by an
upregulation of beta cell function, which maintains normoglycemia. We found that our
GDM pregnant women had higher levels of insulin and IR-HOMA at birth compared to the
control group. Ellerbrock et al. [34] and Pan et al. [35] also discovered that in obese pregnant
women with GDM, insulin resistance plays a more significant role in the occurrence of
GDM than beta cell dysfunction.

Adipose tissue has endocrine functions. Adiponectin is a peptide hormone secreted
by adipose tissue. It is found in multiple multimeric complexes and has insulin-sensitizing,
anti-atherogenic, and anti-inflammatory properties [36]. Low levels of adiponectin through-
out all stages of gestation are linked to a higher risk of metabolic dysfunction during
pregnancy and an increased incidence of GDM [37]. Our findings indicate that serum
adiponectin levels at birth were significantly lower in the GDM group compared to the
control group, which is consistent with our results from a previous study [9]. One expla-
nation for lower adiponectin levels in obese patients comes from Kim et al. [38]'s work.
They demonstrated that epigenetic changes, such as DNA methylation of the adiponectin
R2 promoter, inhibit adiponectin expression and worsen metabolic disturbances in obese
individuals. Moyce et al. [39] showed in a study on mice that adiponectin deficiency led
to increased hepatic lipid accumulation during pregnancy; consequently, this deficiency
contributed to glucose intolerance, dysregulated gluconeogenesis, and hyperglycemia.

Regarding the higher incidence of GH in our GDM group compared to the control
group, Parrettini et al. [40] could provide one explanation. They emphasized in their
review the crucial role of maternal obesity and excessive weight gain in fostering a pro-
inflammatory state and endothelial dysfunction within the fetoplacental unit. This condi-
tion can lead to insulin resistance and an exaggerated vascular response to vasoconstrictors,
which are common pathogenic factors for GDM and GH. Carpenter et al. [41] suggest that
GDM is associated with an overexpressed innate immune response related to vascular
dysfunction and disease.

Concerning the higher macrosomic newborns in our GDM group, Parettini et al. [40]
revealed in their work that secondary to systemic low-grade inflammation, insulin resis-
tance, increased maternal insulinemia and hyperglycemia, increased placental volume, and
impaired placental genes that regulate cell cycle parameters, lipid metabolism, and mito-
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chondrial activity, fetuses of GDM mothers had increased growth and adiposity, leading to
macrosomia. Li et al. [42] also concluded in their study that increased insulin resistance
during pregnancy was associated with macrosomia in Chinese women with GDM rather
than beta cell dysfunction.

Our findings regarding higher perineal tears in GDM patients during vaginal births
align with those of Fabricius et al. [43]. They conducted a systematic review and meta-
analysis, revealing that primiparous women with GDM face a higher risk of obstetric anal
sphincter injury compared to those without the condition. Von Theobald et al. [44] also
a strong association between GDM and grades 3—4 of deep perineal trauma in cases of
operative delivery. Conversely, Strand-Holm et al. [45] did not find a higher risk of lower
genital tract tears among women diagnosed with diabetes (type 1 Diabetes Mellitus, T2DM,
and GDM) compared to those without diabetes. It is important to mention that in our unit,
there is routine use of episiotomy during the vaginal births of primiparous women and
selective use of episiotomy for multiparous women. Our higher rate of perineal tears in the
GDM group may be related to a higher incidence of newborn macrosomia, and possibly to
a deficiency of perineal protection techniques.

Previous studies have shown that GDM and T2DM share similar metabolic abnormali-
ties, including insulin resistance and (-cell dysfunction [6-8]. Additionally, some genetic
variants associated with GDM are also common to T2DM [12,13], highlighting the genetic
component in the emergence of these diseases.

The ADIPOQ gene encodes adiponectin, and SNPs of the ADIPOQ gene, such as
rs266729, have been associated with the occurrence of GDM [20]. We found no differences
between the groups regarding the allele and genotype distribution of rs266729 in the
ADIPOQ gene. Pawlik et al. [18] found that the G allele of rs 266729 was an independent
predictor of an increased risk of GDM. Beltcheva et al. [46] reported that the C allele of rs
266729 is associated with GDM, likely influencing the transcription process of adiponectin.
Consistent with our results, Zhu et al. [29], and Dias et al. [30] found no associations
between the rs266729 polymorphism and GDM. The differences in these results may arise
from the varying G allele frequency across different populations and the fact that GDM is a
multifactorial disease in which diet and physical activity play significant roles [47].

Hribal et al. [21] found that the rs10811661 polymorphism in the CDKN2A/2B gene is
associated with altered beta cell function, impaired insulin release, and IGT. In their meta-
analysis of multiethnic studies, Guo et al. [22] demonstrated that carriers of the T allele of
the CDKN2A/2B rs10811661 have a moderate risk of developing GDM. Additionally, Li
et al. [23] found that the rs10811661 polymorphism was significantly associated with the
risk of T2DM. On the contrary, Tarnowski et al. [24] demonstrated that a higher number of
C alleles of the rs10811661 SNP offer protection against GDM in a cohort of 411 pregnant
women, both with and without GDM. Conversely, we did not find an association between
the CDKN2A/2B rs10811661 polymorphism and GDM. Noury et al. [48] reported similar
findings in a cohort of 98 Egyptian pregnant women, regardless of their GDM status.

Scott et al. [27] found that the SSR1 gene regulates fasting insulin and fasting glucose
by influencing preproinsulin translocation across the endoplasmic reticulum membrane for
proinsulin biosynthesis. Data available for the rs9505118 polymorphism’s role in T2DM and
GDM are limited and conflicting. Kasuga et al. [25], in a cohort of 299 Japanese pregnant
women with and without GDM, found that SSR1 rs9505118, ADIPOQ rs266729, and
CDKN2A/2B rs10811661 are associated with the development of GDM. In a GWAS, Mahajan
et al. [26] found that the SSR1 rs9505118 polymorphism, among other polymorphisms,
had a role in T2DM susceptibility. Contrary to this, Matsuba et al. [49] in 7620 Japanese
patients with and without T2DM found that the SSR1 rs9505118 polymorphism is not
associated with T2DM. Also, we did not find an association between the SSR1 rs9505118
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polymorphism and GDM. The discrepancy in results among these studies may be attributed
to variations in the frequencies of this polymorphism across different ethnicities, the number
of participants included in each study, and the influence of environmental factors on the
polymorphism expression.

In correlation analysis, we found a weak positive correlation between the dominant
model GG + CG versus CC of rs266729 and labor induction failure. Several factors increase
the likelihood of failed labor induction in obese patients, including lower cervical dilation
at admission, nulliparity, fetal weight above 4000 g, and pregnancies complicated by
GH and GDM, which raise the necessity for labor induction before term. The proposed
pathophysiologic mechanism for failed labor induction in obese patients includes decreased
myometrial contractile function. This is caused by the inhibition of intramyometrial
calcium influx by higher levels of leptin and cholesterol in obese pregnant women, which
antagonizes the effect of oxytocin [50]. Since we did not assess the leptin and cholesterol
levels of the pregnant women included in the study, nor their relation to the rs266729
polymorphism, and given the low r-value (r = 0.24), we cannot conclude that the statistical
significance of the association between the dominant model GG + CG versus CC of rs266729
and failed labor induction is clinically relevant for these patients. This warrants further
studies in the future.

Regarding protective factors of perineal tears, obesity [44,51], modified Ritgen maneu-
ver [52], perineal massage, the application of warm compresses during the second stage of
labor [53], and side-lying position for birth [54] are protective against perineal tears during
vaginal birth. In the dominant model TT versus CC + CT of rs10811661, we found a weak
negative correlation between the rs10811661 SNP and perineal lacerations. More extensive
prospective studies are needed to verify whether these genotypes influence the incidence
of perineal tears during vaginal birth.

To the best of our knowledge, this is the first study to investigate the association
among the ADIPOQ gene rs266729 polymorphism, the CDKN2A/2B gene rs10811661 poly-
morphism, and the SSR1 gene rs9505118 polymorphism, and the development of GDM in
a Romanian population.

We acknowledge that our study has several limitations. First, the number of our
participants was a relatively small sample size for testing the associations of these SNPs
with the disease phenotype. Second, we did not assess the patients’ diets and physical
activity, which can significantly influence GDM occurrence, and we also did not evaluate
the patients’ lipid profiles, which could affect GDM risk. Third, all participants in this
study were recruited from a secondary maternity hospital in Targu Mures and thus may
not be representative of pregnant Romanian women in Romania. Fourth, we collected
data regarding the heredo-collateral history of T2DM without differentiating between first-
or second-degree relatives affected by T2DM or between pregnant women with affected
mothers, fathers, or both.

What are the implications of these findings for clinical practice and further research?
Our results align with existing literature regarding the higher risk of gestational hyperten-
sion, macrosomia, and perineal tears during vaginal births in women with GDM. The SNPs
we studied should not be used as markers for an increased risk of developing GDM.

Further studies are necessary to investigate the connection between diet, physical
activity, adipokines, these SNPs, and GDM. Larger prospective studies are essential to
clarify whether the ADIPOQ gene rs266729 and CDKN2A/2B gene rs10811661 genotypes
are associated with perinatal adverse outcomes in GDM patients.
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4. Materials and Methods
4.1. Study Design

The University of Medicine, Pharmacy, Science, and Technology “G. E. Palade” of
Targu-Mures Ethics Committee has authorized this study (decision number 1557/2022)
following the principles of the Declaration of Helsinki (1964).

4.2. Description of Study Area and Duration of Study

This prospective case-control study was conducted between 1 February 2022, and
31 August 2024, in the Obstetrics-Gynecology Clinic 2 unit of County Hospital Mures in
Targu Mures, Romania.

4.3. Inclusion and Exclusion Criteria

The inclusion criteria were singleton pregnancy, diagnosis of GDM at 24-28 weeks
of pregnancy, Romanian ethnicity, age above 18 years, and delivery at the Obstetrics and
Gynecology Clinic 2 Targu Mures. The exclusion criteria were patients with TIDM or T2DM
diagnosed before pregnancy, GDM diagnosis before 24 weeks of pregnancy, pregnancies
with chromosomal anomalies or fetal malformations, cases of intrauterine fetal death,
chronic infections, autoimmune and inflammatory diseases, neoplastic diseases, and those
who lacked informed consent.

Before enrollment in the study, written informed consent was obtained from all preg-
nant women.

After applying the inclusion and exclusion criteria during the time mentioned above,
we consecutively included 213 pregnant women in the study, divided into two groups based
on the oral glucose tolerance test (OGTT) results: 71 with GDM and 142 healthy pregnant
women as a control group. Structured questionnaires were used to obtain demographics
(maternal age, gestation, parity, and first-degree family history of T2DM) and medical and
reproductive history.

In all cases, the gestational age was determined using the date of the last menstrual
period and a first-trimester ultrasound.

4.4. Diagnosis of GDM

For the diagnosis of GDM, we used The International Association of Diabetes and Preg-
nancy Study Groups (IADPSG) criteria [55]. One or more abnormal glucose values above
>92 mg/dL (>5.2 mmol/L) fasting, 1 h > 180 mg/dL (>10 mmol/L), or 2h > 153 mg/dL
(> 8.5 mmol/L) after 75 g glucose ingestion were used for diagnosis.

Patients with GDM were instructed to participate in moderate exercise for 30 min per
day, adhere to nutritional therapy (1600-1800 kcal per day with 35-40% carbohydrates),
and track their glycemic levels by conducting three daily checks of fasting and postprandial
glucose for two weeks as a part of our local protocol. The target glucose levels were set at
fasting below 95 mg/dL and postprandial levels under 120 mg/dL, measured two hours
after eating [56]. A diabetologist prescribed insulin therapy at 0.7-1.0 units/kg of body
weight per day for women who did not achieve glycemic control through exercise and
diet. Pregnant women continued to monitor their glucose levels until birth under the
supervision of the diabetologist. All pregnant women had appointments every two weeks,
or more frequently if necessary, until delivery as part of their routine prenatal care.

4.5. Anthropometric Measurements

We performed a series of maternal anthropometric measurements at admission to the
hospital before birth on all pregnant women included in the study, including weight, height,
mid-upper arm circumference (MUAC), tricipital skinfold thickness (TST), body mass index
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(BMI), and total weight gain during pregnancy. We used the patient’s pre-pregnancy weight,
which was reported at the first prenatal visit, to calculate her pre-pregnancy BML

The patient’s height was measured in centimeters without shoes using a wall-mounted
tape measure. The obtained value was estimated to the nearest 1 mm.

We used a Beurer PS digital scale (Beurer GmbH, Ulm, Germany) to assess the patient’s
weight (kg), deducting 0.5 kg for the clothing.

The BMI was calculated by dividing the patient’s weight by the square of the height
(kg/m?).

All newborns were measured for weight, length, MUAC, and TST during the first
hour after birth.

The newborns” weight was measured using the U-Grow electronic baby scale, U001-BS
(Guangzhou Berrcom Medical Device Co., Ltd., Guangzhou, China), and their length was
measured using an inextensible tape measure.

Using an inextensible tape measure, the MUAC was measured halfway between the
acromion and olecranon of the posterior left upper arm. We used a Harpenden Skinfold
Caliper (Baty International, West Sussex, UK) for TST measurement, calibrated to the
nearest 0.2 mm. The measurements were conducted at the same location where the MUAC
measurement was performed. Two measurements were obtained, and the average was
computed and noted [57].

Information about newborn gender and 5 min APGAR scores was obtained from
medical records.

4.6. Biochemical Analyses

We collected maternal blood samples upon hospital admission during the prepartum
period. Shortly after collection, we assessed them for C-reactive protein (CRP), glycosylated
hemoglobin Alc (HbAlc), insulinemia, C peptide, insulin resistance homeostatic model
assessment (IR HOMA), and adiponectin levels.

HbAlc and CRP values were determined via turbidimetry, while insulinemia and
C-peptide were measured by chemiluminescence with the Atellica Solution CH 930 device
(Siemens Healthcare GmbH, Forchheim, Germany).

The formula used to estimate IR HOMA was [(fasting insulin (mU/L) x 209 fasting
glucose (mmol/L)]/22.5 [58].

For adiponectin assessment, the blood samples were left in a serum separator tube
at room temperature for 30 min to allow the serum to clot. The blood samples were
centrifuged at 6000 rev/min for 4 min at room temperature. The serum was then separated
and stored at —20 °C until assayed.

An automated enzyme immunoassay analyzer (DYNEX DSX Automated ELISA Sys-
tem, DYNEX Technologies Inc., Chantilly, VA, USA) was used to assess adiponectin levels
using the Human Total Adiponectin/ ACRP30 ELISA kits (PDRP 300, R&D Systems, Bio-
techne, Minneapolis, MN, USA), adhering to the manufacturer’s protocol. The intra-assay
coefficient of variation for adiponectin was <4.8% and the inter-assay coefficient of variation
was <7.0%. The manufacturer states that the sensitivity of the assays for adiponectin is
0.246 ng/mL.

4.7. Genotyping Analysis

We collected maternal blood for genotyping and biochemical analysis simultaneously.
Blood samples were collected in tubes containing ethylenediaminetetraacetic acid (EDTA)
and stored at —20 °C until assayed. DNA was extracted using a PureLink™ kit (Invitrogen,
Life Technologies Corp, Carlsbad, CA, USA).
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We genotyped all samples by using the TagMan genotyping methodology, TagMan™
Fast Advanced Master Mix (ThermoScientific LSG, Waltham, MA, USA), and specific
TagqMan® pre-designed TagMan® SNP Genotyping Assays (Applied Biosystems, Foster City,
CA, USA) to discriminate the ADIPOQ rs266729 (C_2412786_10), CDKN2A/2B rs10811661
(C_31288917_10), and SSR 1 rs9505118 (C_1945197_10).

Genotyping was performed on the 7500 Fast DX Real-Time polymerase chain reaction
(PCR) system (Applied Biosystems, Foster City, CA, USA).

4.8. Maternal and Neonatal Complications

We recorded the gestational age at birth, the mode of delivery, the anthropometric
measurements of the mother and newborn described above, and adverse events during
pregnancy (premature birth and gestational hypertension) and at birth (abdominal delivery,
failed induction of labor (IOL), perineal lacerations, and macrosomia).

We defined maternal and neonatal complications as follows:

Spontaneous or medically indicated birth at less than 37 completed weeks of gestation,
according to ICD-10 definitions (O60), was defined as premature birth.

A systolic blood pressure reading of 140 mm Hg or higher, or a diastolic blood pressure
reading of 90 mm Hg or higher, or both, on two separate occasions at least 4 h apart after
20 weeks of pregnancy in a woman who previously had normal blood pressure was
defined as gestational hypertension (GH) [59]. We initiated antihypertensive therapy with
nifedipine at a persistent systolic blood pressure of 160 mmHg or more, diastolic blood
pressure of 110 mmHg or more, or both [59].

Failed IOL is defined as not entering the active phase of labor after 24 h of
prostaglandin administration or after 12 h of oxytocin infusion [60].

Perineal lacerations are classified according to the anatomical structures involved, from
first-degree lacerations where only perineal skin is involved to fourth-degree lacerations
where are involved anal sphincter complex and anal epithelium [61].

A newborn weight of >4000 g at birth was used to diagnose macrosomia [62].

4.9. Statistical Analysis

Statistical analyses were performed by using GraphPad Prism version 9.0 (GraphPad
Software, Boston, MA, USA). Continuous variables were expressed as mean =+ standard de-
viation and median (IQR). Categorical variables were represented as percentages. Student's
t-test was utilized for normally distributed continuous variables, while the Mann-Whitney
test was used for non-normally distributed data. The chi-square test for categorical vari-
ables assessed clinical characteristics between subjects with GDM and the control group.
We performed a Spearman correlation analysis to identify significant correlations between
polymorphisms and perinatal outcomes. Furthermore, we applied logistic regression
analysis to identify potential predictors for GDM. A two-sided p < 0.05 was considered
statistically significant.

We conducted a priori power analysis with the program G Power Version 3.1.9.6 from
Faul et al. [63] using data from Beltcheva et al. [46]. Based on these data, we estimated
a medium effect size of 0.4, assuming a two-tailed f-test with at least 80% power and
alpha = 0.05. The total number of 217 patients will be the minimum required to sample for
sufficient power, n = 145 in the control group and #n = 72 in the GDM group. We assumed
that 213 patients divided into 142 control patients and 71 GDM patients (2:1 ratio) would
be enough for our study to have sufficient power.
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5. Conclusions

Based on our results, we suggest that the ADIPOQ gene rs266729 polymorphism,
the CDKN2A /2B gene rs10811661 polymorphism, and the SSR1 gene rs9505118 polymor-
phism are not associated with GDM in a cohort of Romanian pregnant women. Women
in the GDM group had lower adiponectin levels at birth and experienced higher rates of
gestational hypertension, perineal lacerations during vaginal delivery, and macrosomic
newborns compared to those in the control group. Pre-pregnancy BMI acts as an indepen-
dent predictor of an increased risk of GDM.
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N I S

Abstract: Growth differentiation factor 15 (GDF15) is a stress-response cytokine related to a wide
variety of metabolic diseases. However, the impact of GDF15-specific genetic variants on the above-
mentioned conditions is poorly known. The aim of this study was to assess the impact of selected
GDF15 single-nucleotide polymorphisms (SNPs) on metabolic disturbances and subclinical atheroscle-
rosis. A cross-sectional study involving 153 participants of a metabolic patient-based cohort was
performed. Three selected SNPs (rs888663, rs1054564 and rs1059369) in a locus on chromosome
19 including the GDF15 gene were genotyped by Polymerase Chain Reaction (PCR), and its relation-
ship with the serum GDF15 levels, health status and clinical variables were analyzed. Of the three
SNPs analyzed, only rs1054564 showed different distributions between the healthy volunteers and
patients suffering lipid alterations and associated disorders. Accordingly, just the rs1054564 variant
carriers showed a significant increase in GDF15 serum levels compared to the wild-type carriers. The
group of variant carriers showed a higher frequency of individuals with diabetes, compared to the
wild-type carrier group, without showing differences in other metabolic conditions. Additionally,
the frequency of individuals with atherosclerotic carotid plaque was higher in the rs1054564 variant
carriers than in the wild-type carriers. Logistic regression models identified that the presence of the
rs1054564 variant carriers increase the likelihood for both diabetes and carotid plaque independently
of confounding factors. Overall, the findings of this study identify the rs1054564 variant as a potential
indicator for the likelihood of diabetes and subclinical atherosclerosis.

Keywords: GDF15; rs1054564; diabetes; atherosclerosis

1. Introduction

Growth differentiation factor 15 (GDF15), a divergent member of the transforming
growth factor-p (TGF-p) superfamily [1-4], is a stress-response cytokine related to a wide
variety of metabolic diseases, including type 2 diabetes mellitus (T2D) [5] and cardiovas-
cular (CV) disease [6], among other conditions. Since both T2D and CV diseases share
several common pathophysiological features [7,8], the common soil hypothesis postulated
that both conditions share common genetic and environmental factors, which may explain
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the shared biomarkers for both conditions [9,10]. Among them, a proteomic study identi-
fied GDF15 as the highest-ranking protein associated with both T2D and coronary artery
disease [11]. Additionally, GDF15 circulating levels have been proposed as a prognostic
biomarker for insulin resistance and abnormal glucose control [12], and they have been
found associated with T2D mortality [13]. Furthermore, GDF15 levels have been related
to surrogate indicators of atherosclerosis and have been proposed as predictors of both
all-cause and CV mortality [14-17]. Therefore, increasing evidence highlights the role of
the GDF15 circulating levels as a relevant biomarker for both T2D and CV disease, beyond
the well-established clinical risk factors for these conditions. Interestingly, genetic factors
contribute to determine the GDF15 circulating concentrations similarly to cardiometabolic
risk factors [18]. Nevertheless, the impact of GDF15-specific genetic variants on the above-
mentioned conditions has only been partially explored. Since GDF15 expression has been
associated with certain genetic single-nucleotide polymorphisms (SNPs) [18,19] and given
that genetic factors may explain between 21.5 and 38% of the phenotypic variation in the
GDF15 blood concentration [18,20], genetic GDF15 variants may underlie the development
of these pathologies.

The human GDF15 gene is located on chromosome 19p13.11, containing two exons
interspaced by one intron, rendering an mRNA product of 1200 base pairs coding for a
308-amino acid pro-protein [4]. Interestingly, two meta-analyses of genome-wide associ-
ation studies (GWASs) have identified a genome-wide significant locus on chromosome
19, including the GDF15 gene, which influences blood concentrations of GDF15 [18,20].
Of note, eight SNPs on this locus were independently identified in both studies [18,20].
Nevertheless, the complete picture of how these GDF15 genetic variants impact on T2D
and CVD has not been fully described.

Given the role of GDF15 genetic variants in influencing its circulating levels, we
hypothesize that GDF15 genetic variants are associated with metabolic alterations. In this
study, we analyzed the impact of selected GDF15 SNPs on metabolic disturbances and
subclinical atherosclerosis.

2. Results
2.1. Genotype and Allele Frequencies of GDF15 SNPs in Both Healthy Volunteers and Patients
with Lipid Alterations and Related Disorders

The genotype of the three studied GDF15 SNPs (rs888663, rs1054564 and rs1059369) is
shown in both healthy volunteers and patients (Table 1). Of the three SNPs studied, only
rs1054564 showed significantly different distributions between the patients and healthy
volunteers (p = 0.033). While among the healthy volunteers we found 78.6% wild carriers
(GG) and 21.4% carriers of the variant (19.6% GC and 1.8% CC), this latter percentage rose
to 38.1% among the patient group (37.1% GC and 1.0% CC). The allelic frequencies were
similar to those already described (source https://www.ebi.ac.uk/gwas/ (accessed on
2 February 2024)).

Table 1. Genotype frequencies of GDF15 SNPs in the study population.

SNPs Healthy Volunteers Patients p-Value
rs888663
TT 41 (73.2%) 69 (71.9%) 0.859
TG 12 (21.4%) 19 (18.8%)
GG 3 (5.4%) 8 (8.3%)
rs1054564
GG 44 (78.6%) 60 (61.9%) 0.033
GC 11 (19.6%) 36 (37.1%)
CC 1 (1.8%) 1 (1.0%)
rs1059369
TT 29 (51.8%) 59 (64.1%) 0.138
TA 24 (42.9%) 31 (33.7%)
AA 3 (5.4%) 2 (2.2%)

Data are shown as N (%). Differences in genotype distributions between groups were established by Chi-square tests.
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2.2. Serum GDF15 Levels Are Increased in rs1054564 Variant Carriers

To explore whether the selected SNPs’ variant carriers influence the GDF15 circulating
levels, the serum levels of this cytokine were determined. No statistically significant
differences were found in the serum GDF15 levels between the wild-type and variant
carriers for both the rs888663 and rs1059369 SNPs. However, the GDF15 levels were found
increased in the serum from the rs1054564 variant carriers compared to the wild-type
carriers (rs1054564 wild-type carriers (GG): 752.6 [463.6-1213.1] pg/mL; rs1054564 variant
carriers (GC, CC): 1227.0 [704.6-1833.0] pg/mL, p = 0.002) (Figure 1).
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Figure 1. Serum GDF]15 levels are increased in rs1054564 variant carriers compared to wild-type
carriers. Data are expressed as the means 4+ SEM. ** p < 0.01 vs. rs1054564 wild-type carriers. p values
are adjusted by age, glucose, insulin therapy, oral antidiabetic therapy and hypotensive therapy
through the analysis of covariance (ANCOVA).

2.3. Characteristics of Study Populations According to rs1054564 Genotype

The characteristics of the study populations according to the rs1054564 variants are
shown in Table 2. Of the 153 individuals, 104 were rs1054564 wild-type carriers (GG), whereas
49 were variant carriers (47 GC and 2 CC). Both groups show similar age and gender distribu-
tions. The group of variant carriers showed a higher frequency of individuals with diabetes,
compared to the wild-type carrier group (wild-type carriers: 38.5%; variant carriers: 63.3%,
p < 0.004). No significant differences were found between the groups in other pathologic
conditions, including hypertension, obesity, metabolic syndrome or liver steatosis. Accord-
ingly, the glucose concentration was 16% higher in the group of rs1054564 variant carriers
[119.0 (91.0-153.0) mg/dL] than in the rs1054564 wild-type carriers [102.2 (85.8-133.0) mg/dL],
not showing significant differences in any of the other analyzed parameters.

Table 2. Baseline characteristics of the study population according to rs1054564.

Wild-Type Carriers Variant Carriers

(N = 104) (N = 49) p-Value
Clinical data

Age (years) 552+ 1.2 57.0+ 15 0.374
Gender (F) 52.9% 51% 0.829
Hypertension 32.7% 42.9% 0.221
Diabetes 38.5% 63.3% 0.004
Obesity 32.7% 42.9% 0.221
Metabolic syndrome 53.8% 67.3% 0.114
Liver steatosis 43.7% 54.2% 0.230
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Table 2. Cont.

Wild-Type Carriers

Variant Carriers

(N = 104) (N = 49) p-Value
Anthropometric and analytical data

Systolic BP (mmHg) 130.3 £ 2.0 130.8 £ 2.8 0.887
Diastolic BP (mmHg) 78.0 (70.0-83.0) 78.3 (72.5-80.8) 0.863
Weight (Kg) 780+15 80.1 £2.3 0.429
Waist circumference (cm) 96.8 + 1.4 99.1 +2.2 0.354
BMI (Kg/m?) 28.6 £0.5 29.8 £0.8 0.175
Glucose (mg/dL) 102.2 (85.8-133.0) 119.0 (91.0-153.0) 0.040
Triglycerides (mmol/L) 1.4 (0.8-2.5) 1.6 (0.9-3.1) 0.390
Total cholesterol (mmol/L) 58+0.1 6.1 +0.2 0.237
LDL (mmol/L) 35+0.1 37+02 0.358
HDL (mmol/L) 1.3+ 0.0 1.3£0.0 0.880
AST (U/L) 22.0 (20.0-26.0) 22.0 (20.0-30.0) 0.518
ALT (U/L) 16.0 (12.0-23.0) 19.0 (13.0-24.5) 0.310
GGT (U/L) 19.5 (14.0-30.8) 21.0 (14.0-38.5) 0.442
HsCRP (mg/L) 1.9 +0.1 21+0.2 0.397
Glyc-A (umol/L) 835.8 +28.9 908.2 + 48.5 0.179
Glyc-B (umol/L) 3483 £ 74 361.8 +13.7 0.346
FIB-4 1.6 £ 0.0 1.6 £0.1 0.728
FLI (%) 43.1(17.3-83.7) 68.9 (24.7-92.7) 0.136

Data are shown as percentage for categorical variables, mean + SEM for continuous variables with normal
distributions or median (interquartile range) for continuous variables with non-normal distributions. Normal
distributions were analyzed by Student ¢ test, non-normal distribution by U-Mann-Whitney and data gathered
as categorical variables by Chi-square tests. Systolic BP: systolic blood pressure; Diastolic BP: diastolic blood
pressure; BMI: body mass index; LDL: low-density lipoprotein; HDL: high-density lipoprotein; AST: aspartate
aminotransferase; ALT: alanine aminotransferase; GGT: gamma-glutamyl transferase; HsCRP: high-sensitivity
C-reactive protein; Glyc-A: glycoproteins A; Glyc-B: glycoproteins B; FLI: fatty liver index; FIB-4: fibrosis-4 score.

In order to explore the prevalence of rs1054564 variants on diabetes, univariate and
multivariate logistic binary regression models were performed. The presence of rs1054564
variant carriers increased the likelihood for diabetes both in the crude (OR 2.75 and
95% CI 1.37-5.56; p = 0.005) and adjusted models (Model 1: OR 2.98 and 95% CI 1.35-6.59;
p =0.007. Model 2: OR 3.13 and 95% CI 1.36-7.19; p = 0.007) (Table 3).

Table 3. Crude and adjusted models used to assess the association between the rs1054564 and
presence of diabetes.

OR (95% CI) p

Crude 2.75 (1.37-5.56) 0.005
Model 1 3.13 (1.36-7.19) 0.007
Model 2 422 (1.57-11.34) 0.007

Logistic regression models (odds ratio, OR; 95% confidence interval, CI). Model 1 was adjusted by age and gender,
and Model 2 was adjusted by age, gender and glucose (METHOD = Enter).

2.4. Association of the rs1054564 Variants with the Carotid Plaque Burden

Finally, we explored the frequency of individuals with atherosclerotic carotid plaque
according to the rs1054564 variants. Whereas 45.8% of the rs1054564 variant carriers had
developed atherosclerotic plaque, this was only observed in 25.7% of the wild-type carriers
(p = 0.014) (Figure 2). The logistic regression models identified that the likelihood of atheroscle-
rotic plaque was ~2.4-fold higher in the rs1054564 variant carriers than in the wild-type carriers
(crude model: OR 2.44 and 95% CI 1.19-5.03; p = 0.015. Model 1: OR 2.44 and 95% CI 1.11-5.37;
p =0.026. Model 2: OR 2.41 and 95% CI 1.08-5.37; p = 0.032) (Table 4).
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Figure 2. Percentage of plaque according to rs1054564. p = 0.014 between rs1054564 wild-type and
variant carriers. Differences between groups were established by Chi-square tests.

Table 4. Crude and adjusted models used to assess the association between the rs1054564 and
presence of atherosclerotic plaque.

OR (95% CI) p
Crude 2.44 (1.19-5.03) 0.015
Model 1 2.44 (1.11-5.37) 0.026
Model 2 2.41 (1.08-5.37) 0.032

Logistic regression models (odds ratio, OR; 95% confidence interval, CI). Model 1 was adjusted by age, and
Model 2 was adjusted by age and gender (METHOD = Enter).

3. Discussion

Despite the well-known role of GDF15 in several (patho)physiological conditions [4],
the influence of its genetic variants on these are still poorly studied. Given that certain
genetic SNPs have been associated with GDF15 expression [18,19] and its circulating levels
may be influenced by genetic factors [18], we hypothesized that GDF15 genetic variants
may be associated with metabolic alterations. In this study, we explored the impact of
selected SNPs from a chromosome 19 locus containing the GDF15 gene [18,20] on metabolic
disturbances and subclinical atherosclerosis.

Of the eight SNPs independently identified in two large GWASs [18,20], three selected
SNPs (1888663, 151054564 and rs1059369) were chosen for genotyping. Of the three selected
SNPs, only the rs1054564 variant carriers showed increased serum GDF15 levels compared
to the wild-type carriers, without significant changes found in the GDF15 levels relative to
the other two studied SNPs. These results conflict with previous studies suggesting that all
these SNPs may significantly influence GDF15 blood concentrations [18,20]. However, our
data cannot rule out the impact of these genetic variants (rs888663; rs1059369) on the blood
concentrations of GDF15, probably due to the relatively small number of participants in
our study cohort. Nevertheless, despite this limitation, the statistically significant increase
in the serum GDF15 levels found in the rs1054564 variant carriers highlights the prominent
role of this SNP in the regulation of GDF15 concentrations. Of note, previous studies have
identified rs1054564 as the most significantly associated with circulating GDF15 levels
among the SNPs near the 3’ untranslated region (UTR) of the GDF15 locus [21,22]. The
binding of miRNAs to 3'-UTR accelerates mRNA turnover. Therefore, genetic variants at
the miRNA binding sites have a direct impact on miRNA-mRNA interactions, increasing
mRNA stability and, therefore, protein translation. The rs1054564 contains binding sites for
several miRNAs. Specifically, it has been previously reported that hsa-miR-1233-3p directly
binds to rs1054564, and that the rs1054564-C allele partially abolishes the hsa-miR-1233-
3p-mediated mRNA turnover and translational suppression of GDF15 [19]. Therefore, the
increase in serum GDF15 levels found in the rs1054564 variant carriers in our population
may be a consequence of the loss of translational repression of GDF15 by hsa-miR-1233-3p.
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Because of the relevance of rs1054564 in the control of the GDF15 circulating levels,
we classified our population into rs1054564 wild-type or variant carriers and analyzed
its association with metabolic status in our population. The rs1054564 variant did not
associate with hypertension, obesity, metabolic syndrome or liver steatosis. However,
the percentage of diabetic patients was higher among carriers of the rs1054564 variant
than in the wild-type group. Accordingly, the rs1054564 variant carriers showed higher
glucose levels, without showing differences in any of the other analyzed variables. In
line with these observations, the logistic regression models showed that the rs1054564
variant increased the likelihood of diabetes, even after adjusting for confounding factors.
Our data are in line with a recent study reporting that the frequency of the rs1054564
variant carriers was significantly associated with an increased risk of T2DM compared to
the wild-type genotype [23]. Therefore, the presence of the rs1054564 variant carriers may
identify individuals at increased risk for diabetes. Additionally, given the role of GDF15 in
atherosclerosis and CV disease [14-16], we analyzed the impact of the rs1054564 genetic
variants on subclinical atherosclerosis. Our data revealed that in the group of variant
carriers, there is a higher percentage of individuals with atherosclerotic plaque than in the
wild-type group. Actually, the presence of the rs1054564 variant increases the likelihood
of atherosclerotic plaque ~2.4-fold. To the best of our knowledge, this is the first study
reporting a direct relationship between the rs1054564 variant carriers and atherosclerotic
burden. Nevertheless, further studies are warranted in independent larger cohorts in order
to confirm our data.

Despite no differences being found between the rs1054564 variant and wild-type
carriers in any of the other studied variables, it is possible that the GDF15 influence on
these is determined not just for rs1054564 but also for other parameters, both genetic and
biochemical. However, the increase in GDF15 serum levels found in the rs1054564 variant
carriers suggests that the impact of this SNP on diabetes and atherosclerosis may be due, at
least partially, to the increase in GDF15 blood concentrations.

Our study has some limitations; some of them have already been mentioned. First,
the relatively small sample size cannot rule out the impact of the rs888663 and rs1059369
variants on GDF15 blood concentrations. Additionally, it may attenuate the impact of
the results found on the rs1054564 variant, and further studies in larger independent
populations need to be carried out. Nevertheless, the relationships found among the
rs1054564 variants and diabetes and carotid plaque are robust, despite the low number of
participants in this study. Unfortunately, hemoglobin Alc (HbAlc) data were not available
for all the participants in our cohort, so we do not have strict control of glycemic status.
On the other hand, the cross-sectional nature of this study shows a fixed picture of the
relationship between rs1054564 and the studied parameters at a given point and do not
allow for exploring its impact over time. Additionally, it precludes establishing causal
relationships between the rs1054564 and the studied outcomes. However, the increase in
GDF15 serum level concentrations found in the rs1054564 variant carriers suggests that part
of the observed effects may be mediated by the increase in the GDF15 blood concentrations.

4. Materials and Methods
4.1. Study Subjects

This cross-sectional study was performed in a subset of a well-characterized patient-
based cohort attending the vascular medicine and metabolism unit of our university
hospital [24,25]. Specifically, 98 individuals suffering lipid alterations and associated
disorders (including obesity, metabolic syndrome, diabetes and cardiovascular disease) and
59 healthy volunteers free of metabolic disorders willing to participate were included in the
study. Individuals with known serious diseases, including cancer, chronic lung, renal or
liver disease, were excluded from this study [26]. Diabetes and metabolic syndrome were
diagnosed according to the American Diabetes Association [27] and the Adult Treatment
Panel III (ATPIII) criteria [28], respectively. Obesity [body mass index (BMI) > 30 Kg/ m?],
liver steatosis [fatty liver index (FLI) > 60 [29]] and arterial hypertension [systolic blood
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pressure > 140 and/or diastolic blood pressure > 90 mm Hg) [30]] were defined following
standard clinical criteria.

Written informed consent was provided by all the study participants. This study was
approved by the local Ethical and Clinical Investigation Committee according to the ethical
standards outlined in the Declaration of Helsinki [31].

4.2. Clinical and Standard Biochemical Determinations

Anamnesis, anthropometric and physical examination data were recorded through stan-
dardized procedures. The information collected from the medical records includes age, gender,
both systolic and diastolic blood pressure, weight, height and waist circumference, among other
parameters. BMI was calculated from the weight and height measurements (Kg/m?).

Subclinical atherosclerosis was determined by performing carotid ultrasound imaging
to determine the intima media thickness (IMT) of the right and left common carotid arteries
by using a MyLab 60-X Vision sonographer (Esaote, Genova, Italy). The IMT value was
calculated by averaging both carotid arteries. The presence of atherosclerotic plaque was
defined as an IMT > 1.5 mm or focal structures into the arterial lumen that were 50% thicker
than the surrounding IMT value [32].

The baseline serum samples were obtained from each participant via centrifuga-
tion from venous fasting blood samples, and aliquots were prepared for rapid storage at
—80 °C in our center’s BioBank for further analysis. The cellular buffy coat was obtained,
and the cells were stored at —80 °C for the DNA isolations and genotyping. Standard
biochemical parameters [glucose, ultrasensitive C-reactive protein (usCRP), creatinine],
lipids [total cholesterol, triglycerides and high-density lipoprotein cholesterol (HDLc)],
transaminases [aspartate aminotransferase (AST) and alanine aminotransferase (ALT)] and
gamma-glutamyl transpeptidase (GGT) were measured using colorimetric, enzymatic and
immunoturbidimetric assays, respectively (Spinreact, SA, Spain; Wako Chemicals GmbH,
Germany; and Polymedco, New York, NY, USA; CV < 4%), which were adapted to the
Cobas Mira Plus Autoanalyser (Roche Diagnostics, Spain). The low-density lipoprotein
cholesterol (LDLc) levels were calculated by the Friedewald formula: LDLc = total choles-
terol — (HDLc + [triglycerides/5]). The acute phase glycoproteins Glyc-A and Glyc-B were
assessed by nuclear magnetic resonance (1H-NMR) [33]. The serum GDF15 levels were de-
termined in duplicate using a commercial sandwich enzyme-linked immunosorbent assay
kit (Biovendor, Brno, Czech Republic; CV < 5%), following the manufacturer’s instructions.

Fatty liver and liver fibrosis were estimated by the FLI and Fibrosis-4 (FIB-4) algo-
rithms, respectively [33].

4.3. SNP Selection and Genotyping

The GDF15 SNPs were identified from the “Type 2 Diabetes Knowledge Portal”
(http:/ /type2diabetesgenetics.org (accessed on 3 September 2021)). Three selected SNPs
(rs888663, rs1054564 and rs1059369) in the GDF15 gene were chosen for genotyping ac-
cording to the relatively high minor allele frequency (MAF), existence of previous re-
ports supporting its association with metabolic disturbances or having functional evi-
dence or being clinically relevant, by using the International HapMap database (http:
/ /hapmap.ncbi.nlm.nih.gov/ (accessed on 3 September 2021)) and the Clin Var (https:
/ /www.ncbinlm.nih.gov/clinvar/ (accessed on 3 September 2021)) tools.

The genomic DNA was isolated from the peripheral leukocytes from anticoagulated
venous blood using the QIAamp DNA Blood Kit (Qiagen Iberia SL, Madrid, Spain) accord-
ing to the manufacturer’s instructions. The selected SNPs were genotyped by Polymerase
Chain Reaction (PCR) in an AbiPrism 7900HT Sequence Detection System (Applied Biosys-
tems; Beverly, CA, USA). TagMan SNP Genotyping assays-on-demand (Life Technologies;
Madrid, Spain) were used for rs888663, rs1054564 and rs1059369 variant determination.
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4.4. Statistical Analysis

The Kolmogorov-Smirnov test was used to determine the normality of the continuous
variables. The data are expressed as frequencies for categorical variables, the mean £+ SEM
for continuous variables with normal distributions or the median and interquartile range for
continuous variables with non-normal distributions. The differences between the groups
were established by the Chi-squared (x?) test for categorical variables; for continuous
variables, Student’s t test or Mann—-Whitney U were applied for normal and non-normal
distributions, respectively. When appropriate, the differences between the groups were
adjusted by confounding factors through the analysis of covariance (ANCOVA). Univari-
ate and multivariate logistic binary regression models were performed for dichotomous
variables to assess the likelihood of diabetes and atherosclerotic carotid plaque based on
rs1054564. The results are presented as the odds ratio (OR) and 95% confidence interval
(CI). The analyses were performed with the SPSS software (IBM SPSS Statistics, version
22.0). Statistically significant differences were considered with a two-sided p < 0.05.

5. Conclusions

Overall, our data identified the rs1054564 variants as potential indicators for the
likelihood of diabetes and subclinical atherosclerosis.
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Abstract: Identification of the individuals having impaired kidney function is essential in preventing
the complications of this disease. We measured 1009 metabolites at the baseline study in 10,159 Finnish
men of the METSIM cohort and associated the metabolites with an estimated glomerular filtration rate
(eGFR). A total of 7090 men participated in the 12-year follow-up study. Non-targeted metabolomics
profiling was performed at Metabolon, Inc. (Morrisville, NC, USA) on EDTA plasma samples ob-
tained after overnight fasting. We applied liquid chromatography mass spectrometry (LC-MS/MS) to
identify the metabolites (the Metabolon DiscoveryHD4 platform). We performed association analyses
between the eGFR and metabolites using linear regression adjusted for confounding factors. We
found 108 metabolites significantly associated with a decrease in eGFR, and 28 of them were novel,
including 12 amino acids, 8 xenobiotics, 5 lipids, 1 nucleotide, 1 peptide, and 1 partially character-
ized molecule. The most significant associations were with five amino acids, N-acetylmethionine,
N-acetylvaline, gamma-carboxyglutamate, 3-methylglutaryl-carnitine, and pro-line. We identified
28 novel metabolites associated with decreased eGFR in the 12-year follow-up study of the METSIM
cohort. These findings provide novel insights into the role of metabolites and metabolic pathways
involved in the decline of kidney function.

Keywords: glomerular filtration rate; metabolites; metabolomics; metabolic pathways

1. Introduction

7

Chronic kidney disease (CKD) affects approximately 10% of the Western countries
population [1]. Glomerular filtration rate (GFR) is accepted as the best marker of impaired
kidney function, calculated as an estimated GFR (eGFR) [2]. Diabetes is a major risk factor
for impaired kidney function [3], but also age, sex, hypertension, obesity, increased total
triglycerides, and smoking are risk factors for CKD [4]. During the last few years, genome-
wide association studies identified hundreds of genetic variants for kidney diseases [5-7].
Interestingly, a recent study identified genetic variants in the individuals with and without
diabetes and reported that a majority of eGFR loci were similar in individuals with and
without diabetes [8]. Genetic studies advanced our understanding of CKD, but they explain
only a portion of the disease progression. Additionally, clinical markers often detect an
impairment in kidney function only at later stages.

The first studies aiming to identify metabolites associated with eGFR had a small size and
included only a low number of metabolites [9-13]. Grams et al. [14] included 587 participants
in their study, and identified five metabolites (16-hydroxypalmitate, kynurenate, homovanillate
sulphate, N2,N2-dimethylguanosine, and hippurate) associated with CKD. Lin et al. performed
a large metabolome-wide association study, including 640 metabolites in 3906 participants of
the Hispanic Community Health Study/Study of Latinos. They identified 404 eGFR-metabolite
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associations and found 79 novel associations [15], where amino acids and xenobiotics were
the most frequent metabolites associated with eGFR. Recently, two studies reported several
metabolites associated with CKD [16,17].

Identification of novel metabolites offers additional insights into the underlying bio-
chemical processes that are lacking in genetic or clinical markers. Metabolites can serve as
early biomarkers and potentially modifiable risk factors. Early identification of individuals
having impaired kidney function is essential in the prevention of CKD and its complica-
tions. However, previous studies aiming to identify metabolites associated with a decrease
in eGFR were cross-sectional and included a small number of participants and metabo-
lites. Furthermore, many of these studies never addressed the long-term progression of
CKD, leaving the gaps in the understanding of the changes in metabolites over time. Our
population-based study included 10,159 participants having 1009 metabolites measured at
baseline. A total of 7090 participated in a 12-year follow-up. Our study is the largest study
identifying novel metabolites associated with a decline in eGFR during a long follow-up.
Therefore, our study has a good statistical power to reveal new metabolic pathways for
impaired kidney function.

2. Results
2.1. Baseline Characteristics

We included in our study 10,159 METSIM participants. Table 1 shows the baseline
characteristics of the participants according to their glucose tolerance. These groups
differed significantly in age, systolic blood pressure, BMI, total triglycerides, fasting glucose,
HbAlc, fasting plasma insulin, eGFR, urine albumin, and high-sensitivity C-reactive protein
(hs-CPR). The difference between the three groups was statistically significant but not
clinically relevant eGFR (87.9 in the NGT group, 88.6 and 86.1 in the T2D group).

Table 1. Baseline Characteristics of the Participants According to Glucose Tolerance.

NGT Pre-Diabetes T2D

Measurements (n = 3034) (n = 5715) (n = 1410) P
Age (years) 56.8 & 6.9 57.4 +7.2 60.6 + 6.7 1.1 x 10798
Systolic blood pressure 4 4 | 454 138.7 + 16.2 1452 + 18.1 2.1 x 1098
(mmHg)
Body mass index 25.8 +3.38 274439 302452 1.1 x 107247
(kg/m?)
Current smoking (%) 18.0 18.4 17.2 0.606
Total triglycerides 122 + 0.65 1.49 + 1.08 1.90 + 1.21 1.2 x 10143
(mmol/1)
Fasting glucose 5.24 4+ 0.24 5.97 +0.37 7.51 4+ 2.01 <1 x 10250
(mmol /1)
HbA1C (%) 5.59 & 0.31 5.71 & 0.34 6.58 £ 1.13 <1 x 107250
Fasting plasma insulin 6.25 + 4.1 932+ 6.4 19.6 + 285 <1 x 10~250
(mU/1)
Creatinine (umol/1) 84.6 + 159 834+ 128 84.6+223 0.0003
eGFR (ml/min/1.73m?)  87.9 +12.3 88.6 + 122 86.1 & 14.5 45 x 10710
Urine albumin (mg/1) 18.4 +110.9 20.6 & 82.5 93.5 + 380.1 7.2 x 107181
hs-CRP (mg/1) 1.82 +2.96 213 £ 45 3.22 +6.07 3.4 x 10740

Abbreviations: NGT, normal glucose tolerance; T2D, type 2 diabetes; HbA1C, hemoglobin A1C; eGFR, estimated
glomerular filtration rate; and hs-CRP, high sensitivity C-reactive protein.
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2.2. Metabolites in Participants with Decreased and Normal eGFR

We compared metabolite concentrations between the participants having eGFR < 80 and
eGFR > 80 ml/min/1.73 m2 and found statistically significant (p <5 x 10~°) differences in
586 metabolites. The top significant 100 associations are shown in Table S1. The most significant
differences (p < 1.1 x 10~3) between the two groups were in 1-methylhistidine, 1-methyl-
4-imidazoleacetate, 2,3-dihydroxy-5-methylthio-4-pentenoate (DMTPA), creatinine, hydroxy
asparagine, N,N,N-trimethyl-alanylproline betaine, N-acetylalanine, and pseudouridine.

2.3. Effects of Glucose Tolerance on Metabolic Profile

We analyzed the associations of eGFR with metabolites in different subgroups of
glucose tolerance (n = 1 057 in each group matched for age and BMI). Participants with
NGT had 379 statistically significant associations with the metabolites, participants with
prediabetes had 474 significant associations, and participants with T2D had 378 significant
associations. Table S1 presents the 100 most significant metabolites in the participants
with T2D, prediabetes, and NGT. Independently of the glucose tolerance, all metabolites
were associated with a decrease in eGFR. The Venn diagram (Figure 1) shows that the
participants in the different glucose tolerance groups shared 78% of the 100 most significant
metabolite associations, 11 of the metabolites were found only in the NGT group, 7 in the
prediabetes group, and 12 in the T2D group.

T2D NGT

Pre-diabetes

Figure 1. Venn diagram shows the top 100 most significant metabolites associated with eGFR across
the participants with normal glucose tolerance (NGT), prediabetes, and type 2 diabetes (T2D).

2.4. Metabolites Associated with a Decrease in eGFR

We performed linear regression to associate 1009 metabolites with eGFR at base-
line without adjustment for confounding factors, adjusted for baseline eGFR (Model 1),
and adjusted for baseline eGFR, age, BMI, smoking, fasting glucose, total triglycerides,
and systolic blood pressure (Model 2) (Table S2). All metabolites listed in Table S2 had
p <5 x 1072 in all models. Adjustment for the baseline eGFR (Model 1) substantially de-
creased beta and p values. In Model 2 beta and p value further deceased but the decreases
were relatively small.

We found 108 metabolites significantly associated with a decrease in eGFR (Table S2),
and 28 of them were novel (Table 2). The 10 most statistically significant metabolites associ-
ated with decreased eGFR were six amino acids, creatinine, hydroxyasparagine, N,N,N-
trimethyl-alanylproline betaine, N-acetylalanine, N-acetylserine, C-glycosyltryptophan,
and N-formylmethionine; a nucleotide pseudouridine; xenobiotics erythritol; and carbohy-
drate erythronate.
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Table 2. Novel Metabolites Associated with a Decrease In eGFR.

Metabolite Sub-Class N Beta p* Beta p**
Amino acids
N-acetylmethionine Methionine, cysteine, 7080 0334 14x107%  —0087  55x10°%
taurine metabolism
N-acetylvaline Leucine, isoleucine, 7082 —0343  1.0x1071%  —0082 26 x 1072
valine metabolism
y-carboxyglutamate Glutamate metabolism 6929 —0.295 1.1 x 107138 —0.065 2.6 x 10714
3-methylglutaryl- Leucine, isoleucine, 7001 0257 11x10715 0058 58 x 10712
carnitine (2) valine metabolism
Proline Urea cycle; arginine 7081 ~0107  13x 107 0048  39x10°7
proline metabolism.
Pro-hydroxy-pro Urea cycle; arginine 7079 0155 19x107%  —0.047  52x107°
proline metabolism
4-guanidinobutanoate Guanidino acetamido 7049 —0.158 17x107%  —0049  23x1077
metabolism
. Methionine, cysteine, 69 _
N-acetyltaurine . . 7048 —0.208 1.4 x 10 —0.041 7.6 x 10
taurine metabolism
Hydantoin-5-propionate Histidine metabolism 6154 —0211 3.6 x 1079 —0.043 1.1 x 107
N-lactoylvaline Lactoyl amino acid 6781 —0.182 2.5 x 107! —0.043 3.1 x 107
N-lactoylisoleucine Lactoyl amino acid 5437 —0.189 44 x107% —0.043 1.6 x 1072
N-lactoylphenylalanine Lactoyl amino acid 7033 -0233 27 x107% —0.037 44 x107°
Lipids
. 1lbeta-hydroxy Androgenic steroids 4891 —0204 29x107%  —0050 4.0 x 1077
etiocholanolone glucuronide
3-decenoylcarnitine Fatty acid metabolism 5395 —0217 29 x1078 —0.042 9.2 x 107
Cis-3,4-methylene Fatty acid metabolism 6825 —0161 52x10741  —0.038  48x10°°
heptanoylglycine
2-methylmalonyl . . B 74 B 6
carnitine (C4-DC) Fatty acid metabolism 5827 0235 8.0x10 0.042 3.1 x10
Propionylglycine Fatty acid metabolism 3960 —0.119 49 x 101 —0.049 1.3 x 107
Nucleotide
5_ . . . . _ 730 _ 76
methyluridine(ribothymidine) Pyrimidine metabolism 7082 0134 6.8 x10 0.038 3.1x10
Peptide
. o . 7.7E X 9
Pyroglutamylvaline Modified peptides 6398 —0.202 10-60 —0.051 2.6 x 10
Xenobiotics
2,3-dihydroxyisovalerate Food component/plant 6998 —0.206 3.8 x 1078 —0.048 6.8 x 107
(S)-a-amino-omega-caprolactam  Food component/plant 7007 —0.296 13 x 10714 —0.050 1.0 x 10~8
3-methoxycatechol sulfate (2) Benzoate metabolism 5379 —0.185 2.0 x 10742 —0.044 1.9 x 10~
3-methyl catechol sulfate (1) Benzoate metabolism 7065 —0.209 3.0x 1070 —0.040 2.1x10°°
3-methoxycatechol sulfate (1) Benzoate metabolism 6318 —0.174 4.0 x 107% —0.039 55 x 1076
2-acetamidophenol sulfate Food component/plant 5939 —0.153 2.9 x 10732 —0.042 3.6 x 107°
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Table 2. Cont.

Metabolite Sub-Class N Beta p* Beta p**
N-(2-furoyl)glycine Food component/plant 5025 —0235 5.0 x 107 —0.042 24 x107°
2-aminophenol sulfate Food component/plant 7066 —0.147 2.8 x107% —0.036 1.1 x 107
Other metabolites

Partially characterized

Glutamine_degradant
molecules

7060 —0222 73 x10°%0 —0.071 22 x 107

p *: non-adjusted; p **: adjusted for eGFR at baseline, age, BMI, smoking, fasting glucose, total triglycerides, and
systolic blood pressure.

Among the novel 28 metabolites decreasing eGFR, 12 were amino acids, 5 lipids,
1 nucleotide, 1 peptide, 8 xenobiotics, and 1 a partially characterized molecule. Among the
amino acids, the three most significant imverse associations were with N-acetylmethionine
(beta = —0.087, p = 5.5 x 102%), N-acetylvaline (beta = —0.082, p = 2.6 x 10~2!), and
y-carboxyglutamate (beta = —0.065, p = 2.6 x 10~'%). Among the lipids, the two most
significant inverse associations were with 11beta-hydroxyetiocholanolone (beta = —0.050,
p=4.0 x 10’7), and 2-methylmalonylcarnitive C4-DC (beta = -0.042, p = 3.1.0 x 107°), and
among the xenobiotics for 2,3-dihydroxyisovalerate (beta = —0.048, p = 6.8 x 107°, and
(S)-a-amino-omega-caprolactam (beta = —0.050, p = 1.0 x 1078).

2.5. Genetic Variants Associated with Novel Metabolites

We identified nine genetic variants significantly associated with the novel metabolites
(Table 3). The most significant associations were with 5-methyluridine, glycine, proline,
and N-acetylmethionine. Each of the nine genetic variants were associated with at least
three different metabolites, suggesting pleiotropy of these genes. Importantly, none of these
genetic variants were significantly associated with a decrease in eGFR, indicating that the
effects of the metabolites on eGFR were not explained by genetic factors.

Table 3. The Variants of Nine Genes were Associated with the Novel Metabolites Related to a Decline

in eGFR.

Gene-Variant Metabolite 4
KLHDC7B-rs470118 5-methyluridine 9.9 x 1071%
CPS1-rs715 Glycine 8.1 x 10~
AC007326.4-rs5992344 Proline 2.0 x 10793
DOCK3-rs138144932 N-acetylmethionine 1.3 x 1074
AOX1-rs7562507 Hydantoin-5-propionate 14 x 107V
COLEC10-rs13264172 Pro-hydroxy-pro 3.5 x 10710
MAGI1-rs264676 2.3-dihydroxy-5-methylthio-4-penenoate 29 x 1078
DCBLD2-rs192423025 Pyroglutamylvaline 3.4 %108
CNTNAP2-1s533473709 y-carboxyglutamate 53 x 1078

3. Discussion

We measured 1009 metabolites with LC-MS/MS in 10,188 participants of the METSIM
study. Our study reports several novel findings. We found that glucose tolerance did not
have a major effect on the metabolite profile at baseline. Among the top 100 metabolites
associated with eGFR, 78 were identical in participants with normal glucose tolerance, pre-
diabetes, and diabetes (Figure 1). Our results suggest that the metabolic pathways leading
to a decrease in eGFR are largely independent of glucose tolerance. This observation agrees
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with a previous study reporting that the majority of the eGFR loci were similar in the
individuals with and without diabetes [8].

We found several statistically significant associations of the metabolites with a decrease
in eGFR in the 12-year follow-up of the METSIM cohort. Of the 108 metabolites associated
with a decrease in eGFR, 28 were novel (Table 2). We also replicated metabolite associations
with decreased eGFR reported in previous studies [13,18-26]. The metabolic pathways in-
dependent from glucose highlights the complexity in the progression of CKD. Our findings
suggest that non-glucose pathways, including amino acids, lipids, and xenobiotics, have
independent effects on kidney function. However, our findings do not change the current
treatment of patients with diabetes having impaired kidney function. Medication lowering
hyperglycaemia remains the primary treatment in patients with diabetes and CKD.

We found three novel associations of N-acetylated amino acids (N-acetylmethionine,
N-acetylvaline, and N-acetyltaurine) with a decrease in eGFR. N-acetylated amino acids
are uremic toxins [27]. Aminoacylase-1 (ACY1) enzyme converts acetylated amino acids
into free amino acids, and therefore the individuals having impaired activity of ACY1 or a
mutation in the ACYL1 gene have increased concentrations of acetylated amino acids in
blood and urine [28-33]. N-acetylated amino acids are uremic toxins that accumulate in
the blood due to impaired kidney function (27). These toxins disrupt cellular processes,
promote inflammation, and induce oxidative stress, worsening CKD progression (27-32).
This highlights the potential of the metabolites to identify therapeutic targets for the
prevention of CKD progression.

Amino acid y-carboxyglutamate was significantly associated with a decrease in eGFR.
y-carboxyglutamate is a calcification inhibitor [34]. Atherosclerotic and vascular calcifi-
cation are closely linked to the vitamin K-dependent protein matrix y-carboxyglutamate.
Vitamin K antagonists, including warfarin, are associated with increased calcification of
renal and other arteries [34,35]. Coronary artery calcification was previously associated
with a decline in eGFR [36]. Increased levels of y-carboxyglutamate may represent a
compensatory response to counteract vascular calcification as kidney function declines.

We report three novel associations of N-lactoyl-amino acids (N-lactoylvaline,
N-lactoylisoleucine, and N-lactoylphenylalanine) with a decrease in e€GFR. N-lactoylphenylalanine
concentrations are increased in patients with phenylketonuria [37]. These patients have in-
creased oxidative stress leading to tubulointerstitial disease, impaired kidney function,
proteinuria, and arterial hypertension [38,39]. N-lactoylvaline and N-lactoylisoleucine were
found in the urine of a patient with maple syrup urine disease [40], which is associated
with nephrotic syndrome [41].

We also found that the nucleoside 5-methyluridine (ribothymidine), an endogenous
methylated nucleoside, decreased eGFR. This finding was previously reported in rats
with CKD [42]. Altered DNA methylation modulates the expression of pro-inflammatory
and pro-fibrotic genes, stimulating renal disease progression [43]. High concentrations of
homocysteine, hypoxia, and inflammation alter the epigenetic regulation of gene expression
in CKD, impacting eGFR [43].

Eight of the 28 novel metabolites impairing eGFR were xenobiotics, chemical sub-
stances within an organism that are not naturally produced. Xenobiotics are food com-
ponents, plant constituents, pesticides, industrial chemicals, environmental pollutants,
or benzoate metabolites. An organic compound (S)-a-amino-omega-caprolactam is a ure-
mic solute previously shown to impair kidney function [44]. 3-methyl catechol sulfate, a
marker of current smoking and coffee consumption [45], decreased eGFR in our study. We
also showed that genetic variants were not associated with xenobiotics, suggesting that
decreased eGFR is largely regulated also by lifestyle and environmental factors.

Our findings highlight multiple metabolic pathways associated with a decrease in
eGFR. We identified 28 novel metabolites among amino acids, lipids, nucleotides, peptides,
and xenobiotics associated with decreased eGFR. Eight xenobiotics were associated with
a decrease in eGFR, showing that non-genetic factors, including benzoate pathway, food
components, and plants play a significant role in kidney dysfunction, demonstrating the
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influence of environmental factors on eGFR. Additionally, the effects of N-lactoyl-amino
acids and 5-methyluridine show a potential for epigenetic regulation of kidney function.
Overall, our novel findings provide valuable insights into the complex biochemical interac-
tions affecting kidney function and pave the way for future studies to explore metabolic
pathways on kidney function in diverse populations.

The strength of our study is that the METSIM study is the largest randomly selected
population-based cohort identifying metabolites associated with a decrease in eGFR by
applying the LC-MS/MS analysis method. Additionally, we followed our cohort for
12 years, and at baseline and follow-up, the metabolites identified were inversely associated
with eGFR, increasing the credibility of our findings. We applied a conservative statistical
significance threshold in all analyses to obtain reliable conclusions.

Our study has several limitations. The homogeneity of the study population (middle-
aged and elderly Finnish men) limits the generalizability of our findings. Therefore, the
replication of our findings in more diverse populations, such as women and non-European
cohorts, is needed. Our study was an observational study, and therefore, we cannot
establish causality between the metabolites and the decline of kidney function. Additionally,
there may be unmeasured confounders, such as medication use or environmental factors,
having effects on our findings. The LC-MS/MS platform provides a broad metabolite
coverage, but the results are not fully generalizable to other metabolomics platforms.

In vitro and animal studies could help to establish causal relationships between the
metabolites and the decline of the kidney function. Incorporating these findings into
CKD risk prediction models may improve early detection and personalized treatment.
Additionally, targeting specific metabolic pathways, for example, those involving uremic
toxins, could reveal novel therapeutic approaches. Expanding the approach to include other
omics data, such as genomics and proteomics, could further enhance our understanding of
CKD progression.

4. Materials and Methods
4.1. Study Population and Laboratory Measurements

The METabolic Syndrome in Men (METSIM) study includes 10,197 men, aged from
45 to 73 years at baseline, and randomly selected from the population register of Kuopio,
Eastern Finland. The METSIM study was approved by the Ethics Committee of the Kuopio
University Hospital, Finland. All participants provided written informed consent.

The design and methods of the METSIM study were previously described in de-
tail [46,47]. A total of 10,159 men were included in the current study, 3034 had normal
glucose tolerance (NGT, fasting glucose < 6.1 mmol/L, 2-hour glucose < 7.8 mmol/L),
5715 prediabetes [impaired fasting glucose (6.1-6.9 mmol /L) or impaired glucose tolerance
(7.8 to 11.0 mmol/L) or both], and 1410 T2D, [fasting glucose > 7.0 mmol/L, or 2-hour
glucose > 11.1 mmol/L or glycated hemoglobin Alc (HbAlc) > 6.5%] according to the
American Diabetes Association classification [48]. BMI was calculated as weight divided by
height squared. Smoking status was defined as current smoking (yes/no). All participants,
excluding participants with T2D at baseline, underwent a 2-hour oral glucose tolerance
test (75 g of glucose), and samples for plasma glucose and insulin were drawn at 0, 30,
and 120 min. Other laboratory measurements were previously explained [46]. eGFR was
calculated using the CKD-Epi equation [49].

4.2. Metabolomics

Non-targeted metabolomics profiling was performed at Metabolon, Inc. (Morrisville,
NC, USA) on EDTA plasma samples obtained after overnight fasting, as previously de-
scribed in detail [47,50]. We applied liquid chromatography mass spectrometry
(LC-MS/MS) to identify the metabolites (the Metabolon DiscoveryHD4 platform). The
LC-MS/MS platform was chosen for its high sensitivity, specificity, and broad dynamic
range, making it ideal for detecting a wide variety of metabolites. Compared to other
platforms, especially proton NMR, LC-MS/MS offers superior sensitivity, allowing for the
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identification of subtle metabolic changes, which is crucial in discovering early biomarkers
for kidney function decline. Although limitations such as ion suppression and complex
data processing exist for LC-MS/MS, its advantages in sensitivity and metabolite coverage
makes it the best choice for this study. All samples were processed together for peak quan-
tification and data scaling. We quantified raw mass spectrometry peaks for each metabolite
using the area under the curve, and evaluated overall process variability by the median rel-
ative standard deviation for endogenous metabolites present in all 20 technical replicates in
each batch. We adjusted for variation caused by day-to-day instrument tuning differences
and columns used for biochemical extraction by scaling the raw peak quantifications to the
median for each metabolite by the Metabolon batch.

4.3. Selection of Genetic Variants Decreasing Glomerular Filtration Rate

We identified genetic variants associated with a decrease in eGFR from previously
published studies and the GWAS Catalog (The NHGRI-EBI Catalog of human genome-wide
association studies (https://www.ebi.ac.uk/gwas/%E2%80%94accessed on 4 July 2024) in
individuals of European ancestry. Altogether, 117 genes were found to be associated with
impaired eGFR.

4.4. Statistical Analysis

We conducted statistical analyses using IBM SPSS Statistics, version 29. We log-
transformed all continuous variables except for age and follow-up time to correct for their
skewed distribution. We performed association analyses between the eGFR and metabolites
using linear regression adjusted for confounding factors (Model 1, adjustment for eGFR
at baseline, Model 2, adjustment for eGFR at baseline, age, BMI, smoking, systolic blood
pressure, fasting glucose, and total triglycerides). The variables in Model 2 (age, BMI,
smoking, systolic blood pressure, fasting glucose, and triglycerides) were selected because
they are well-known risk factors for both CKD progression and metabolic changes. These
variables were chosen to reduce bias and ensure that the associations between metabolites
and eGFR are not influenced by these factors. We give the results as standardized beta
coefficients and p values with the metabolite as a dependent variable. We used one-way
ANOVA to assess the differences in clinical traits and metabolites between the two groups
at baseline. We applied the Bonferroni correction to determine statistical significance for
the metabolites identified (p < 5.0 x 107°).

5. Conclusions

We measured 1009 metabolites in 10,159 Finnish men of the METSIM cohort and asso-
ciated the metabolites with eGFR in the 12-year follow-up study. We found 108 metabolites
significantly associated with a decrease in eGFR, and 28 of them were novel, including
especially amino acids, xenobiotics, and lipids, showing that hyperglycaemia is not the only
cause for impaired eGFR. Our findings provide novel insights into the role of metabolites
and metabolic pathways involved in the decline of kidney function.
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Abstract: Gastrointestinal complications of diabetes are often overlooked, despite affecting up to
75% of patients. This study innovatively explores local glutathione levels and morphometric changes
in the gut of Goto—Kakizaki (GK) rats, a type 2 diabetes animal model. Segments of the intestine,
cecum, and colon were collected for histopathological analysis and glutathione quantification. A
significant increase in the total thickness of the intestinal wall of GK rats was observed, particularly in
the duodenum (1089.02 £ 39.19 vs. 864.19 + 37.17 um), ileum (726.29 + 24.75 vs. 498.76 £ 16.86 um),
cecum (642.24 & 34.15 vs. 500.97 + 28.81 um), and distal colon (1211.81 4 51.32 vs. 831.71 & 53.2 pum).
Additionally, diabetic rats exhibited thickening of the muscular layers in all segments, except for
the duodenum, which was also the only portion where the number of smooth muscle cells did not
decrease. Moreover, myenteric neuronal density was lower in GK rats, suggesting neurological loss.
Total glutathione levels were lower in all intestinal segments of diabetic rats (except duodenum),
and the reduced/oxidized glutathione ratio (GSH/GSSG) was significantly decreased in GK rats,
indicating increased oxidative stress. These findings strongly indicate that GK rats undergo significant
intestinal remodeling, notable shifts in neuronal populations, and heightened oxidative stress—factors
that likely contribute to the functional gastrointestinal alterations seen in diabetic patients.

Keywords: diabetes; GK rats; gut remodeling; oxidative stress

1. Introduction

Diabetes is a highly prevalent metabolic disorder characterized by a state of hyper-
glycemia [1]. The most recent data from the International Diabetes Federation indicate
that diabetes affected 537 million people worldwide in 2021, a number that is expected to
grow to 643 million by 2030 [2]. Besides the substantial economic impact of the disease, the
importance of diabetes is also related to significant mortality and morbidity rates, being
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considered a major public health problem [3-5]. There are two main forms of diabetes:
type 1 diabetes (T1D) and type 2 diabetes (T2D). T1D is caused by an absolute insulin
deficiency while T2D is a combination of insulin resistance in target organs and relative
deficiency caused by dysfunctional pancreatic 3-cells [6]. T2D is far more prevalent, ac-
counting for 90 to 95% of all cases [7,8]. Around 80% of adult T2D patients are considered
overweight or obese. However, 10-15% are not obese, and those patients present higher
hypoglycemic events and mortality rates [9]. Given the significant importance and wide
prevalence of diabetes, numerous animal models are employed in the study of diabetes-
related complications [10]. The Goto—Kakizaki (GK) rat is a non-obese animal model of
T2D that was developed by Goto, Kakizaki, and Masaki in 1975 [11,12]. This model was ob-
tained by selective reproduction of non-diabetic Wistar rats with slight glucose intolerance.
Consequently, the rats from posterior generations spontaneously developed T2D without
becoming obese [13,14]. GK rats exhibit a reduced pancreatic 3-cell number and function,
moderate hyperglycemia, glucose intolerance, and peripheral insulin resistance [15].

Diabetes frequently concurs with gastrointestinal (GI) complications that are associ-
ated with significant morbidity, affecting up to 75% of patients. Currently, it is unclear
whether the prevalence differs between T1D and T2D [16]. In the small intestine and colon,
diabetes-related complications usually result in symptoms like chronic constipation, diar-
rhea, and fecal incontinence that may result in potential complications such as megacolon,
pseudo-obstruction, stercoral ulcer, and perforation [17,18]. In addition, diabetes seems to
worsen clinical conditions such as colorectal cancer and inflammatory bowel disease [19].
Although highly prevalent, these symptoms are often overlooked, as they do not signifi-
cantly contribute to mortality in diabetic patients. However, it is crucial to acknowledge
that they negatively impact health status and quality of life, making them a significant
source of morbidity [20]. The relationship between diabetes and the pathogenesis of the
described gut disorders is not completely understood and seems to be multifactorial [21].
Mechanical factors contribute to intestinal disorders, since it has been found that diabetes
seems to cause structural remodeling that can affect histomorphometry and biomechanical
properties, increase stiffness, and decrease the resting compliance and relaxation capacity
of the intestinal wall [21]. A previous study by our group also showed significant histo-
morphometry changes and evidenced lower reactivity to angiotensin II of the ileum and
colon of T1D-induced rats [22]. Also, Zhao et al. demonstrated the existence of remodeling
in the esophagus and stomach of GK rats [23], while Pereira et al. showed alterations of
the small intestine in the same animal model [24]. So far, only one study has shown colon
remodeling in a T2D model, associating it with the formation of advanced glycation end
products [25].

In diabetes, various pathways contribute to tissue damage, but a common hallmark
is heightened oxidative stress, characterized by elevated levels of reactive oxygen species
(ROS) [26]. Moreover, chronic hyperglycemia is linked to decreased cellular levels of
glutathione (GSH) [27]. GSH is the most powerful intercellular antioxidant in an organism,
undergoing oxidation to GSSG (glutathione disulphide or oxidized glutathione) after
contact with electrophiles. These reactions can be catalyzed by GSH-peroxidase. G55G can
subsequently be regenerated back to GSH by GSH-reductase, using NADPH as a cofactor,
or it is excluded from the cell through membrane transporters (e.g., multidrug resistance-
associated proteins, MRPs). Maintaining an optimal ratio of GSH to GSSG within the cell
is crucial for survival, and a decrease in this ratio may be used as a marker of oxidative
stress [28]. Oxidative stress and ROS formation have already been described to be markedly
increased by uncontrolled hyperglycemia [29]. Also, a decrease in GSH has been observed
in the liver [30], erythrocytes [31], and colon [32] of long-term diabetic patients. But so far,
there are no data regarding GSH local levels in diabetic small intestines.

Curiously, most researchers studying diabetes-related complications in the GI tract use
animal models of T1D, even though T2D is the most common form [21]. Considering this,
and that diabetic patients commonly present GI complications, we innovatively aimed to
characterize the entire gut histomorphometry and the local glutathione system in an animal
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model of T2D. Examining the entire gut—from the duodenum to the distal colon—in
the same animals allows for a direct comparison between segments, providing a clearer
understanding of how diabetes uniquely affects each part of the gastrointestinal tract.
Additionally, local glutathione levels offer a more precise picture than systemic levels
because they provide insights into the specific redox environment and oxidative stress
within a targeted tissue or organ—Iike the gut in this case. Systemic GSH levels represent
an overall average throughout the body, which can mask localized changes or stresses. In
contrast, studying local GSH concentrations allows us to understand how the oxidative
balance is maintained or disrupted in a specific region, which is particularly relevant
for organs impacted by T2D, where localized oxidative stress can contribute to disease
progression. To achieve this goal, we took samples of GK rats” duodenum, middle jejunum,
distal ileum, cecum, and proximal and distal colon and measured the individual layers of
the intestinal wall, analyzed smooth muscle cells and myenteric neurons, and quantified
GSH and GSSG levels.

2. Results
2.1. Animal Monitorization and Insulin Tolerance Test

GK rats presented elevated fasted glucose concentrations compared to controls
(237.88 & 81.05 mg/dL vs. 100 £ 1.73 mg/dL, respectively, p < 0.05) (time 0, Figure 1).
After a 6 h fasting and insulin administration, the glycemia of the GK group increased
during the first 30 min and then decreased, reaching the initial glycemic quantification at
the end of the insulin tolerance test (ITT, time 120 min, Figure 1). In the control group, after
insulin injection a slight decline in blood glucose values was observed. Compared to the
control (CTRL) group, the GK group’s blood glucose concentration was higher at all time
points (p < 0.0001, Figure 1).
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Figure 1. Blood glucose concentrations of control (CTRL, n = 5) and GK animals (n = 6) measured
before (time 0) and during the insulin tolerance test—ITT. Values are presented as mean + SEM,
and a paired Student’s ¢ test was used to compare the two experimental groups (CTRL and GK).
* Statistical difference, p < 0.05.

At the beginning of the protocol, the weight of the GK group was on average
329.17 £ 7.4 g, increasing 2 weeks later to 340.17 £ 6.95 g, representing an average weight
gain of 3.24 £ 0.62%. The control rats weighed 402.20 £ 9.56 g at the beginning of the
protocol and 417.40 + 8.81 at the end, representing an average weight gain of 3.65 £ 0.81%
(Figure 2). So, the initial and final weights of GK rats were both lower compared to controls
(p < 0.0001), but the % of weight gain during the experimental period was roughly the same
in the two groups (p > 0.05) (Figure 2). Despite maintaining the same amount of weight
gain as controls, the food intake of GK rats (28.95 4= 1.40 mg/day/rat) was significantly
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higher than that of controls (21.50 & 0.50 mg/day/rat) (Figure 2). Regarding water intake,
it was significantly higher in diabetic rats compared to controls (Figure 2). The GK group
drank 64.38 £ 5.63 mL/day/rat (n = 6), which was more than double the water that control
animals drank (30.30 &+ 0.40 mL/day/rat, n = 5).
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Figure 2. Evaluation during the experimental protocol of control (CTRL, n = 5) and GK diabetic rats
(GK, n = 6) of: body weight; body weight gain; food intake and water intake. Values are presented as
mean £+ SEM and unpaired Student’s ¢ test was used to compare the two experimental groups (CTRL
and GK). * Statistical difference, p < 0.05.

2.2. Small Intestine and Colon Microscopic Evaluation

To assess whether gut remodeling occurs and follows a proximal-to-distal progres-
sion, as previously observed in T1D rat models, we measured both the mucosal and
muscle layers in a T2D rat model. The histomorphometric evaluation of the small and
large intestine of GK animals showed a higher thickness of the total intestinal wall
of the duodenum, ileum, cecum, and distal colon (DC) compared to controls (duode-
num: 1089.02 =+ 39.19 um vs. 864.19 £ 37.17 um; ileum: 726.29 & 24.75 um vs. 498.76+
16.86 um; cecum: 642.24 + 34.15 um vs. 500.97 + 28.81 um; DC: 1211.81 £ 51.32 um vs.
831.71 & 53.25 um, respectively, p < 0.01 for all). There was no difference between GK
and control rats in a histomorphometric evaluation of the jejunum and proximal colon
(PC) (jejunum: 796.16 + 43.86 um vs. 722.12 £ 28.75 pm and PC: 1060.18 £ 18.93 pm vs.
1029.01 £ 59.84 pm, respectively, p > 0.05 for both) (Figure 3).

The muscular layers of the intestinal wall of GK animals were increased in all seg-
ments except in the duodenum compared to controls (jejunum—Iongitudinal muscle
(Im): 41.69 4+ 2.80 um vs. 25.54 + 2.28 um, circular muscle (cm): 91.99 + 5.03 um vs.
55.33 4+ 3.73 um; ileum—Im: 51.99 + 2.90 um vs. 27.87 + 3.14 um, cm: 100.11 4 5.96 um vs.
57.19 +£ 5.38 um; cecum—Im: 54.44+ 5.33 pm vs. 36.57 £ 3.15 um, cm: 179.36 & 10.84 pm
vs. 107.82 £ 8.09 um; PC—Im: 77.70 + 8.97 um vs. 42.52 + 1.87 um, cm: 212.03 + 13.73 um
vs. 146.03 + 11.12 pm; DC—Im: 83.31 + 6.54 um vs. 46.04 £+ 3.51 um, cm: 283.40 + 33. 86 um
vs. 164.43 & 3.51 um, respectively, p < 0.05 for all; duodenum—Im: 43.81 4 2.67 um vs. 35.12
£ 4.30 pm, cm: 99.36 & 7.80 um vs. 78.08 £ 9.93 pum, respectively, p > 0.05) (Figure 3). Sub-
mucosal values were consistent across all portions, except for the ileum in GK rats, where
an increase was observed (GK: 41.73 + 2.9 um vs. CTRL: 28.04 + 4.38 um). The mucosa
was only increased in the duodenum (GK: 892.48 £ 31.21 pm vs. CTRL: 710.60 & 24.82 um),
ileum (GK: 532.46 + 15.87 um vs. CTRL: 385.66 + 24.20 um), and DC (GK:765.84 + 16.86
pm vs. CTRL: 566.01 + 44.33 um) of GK rats compared with controls, while the jejunum
(GK: 630.34 + 49.26 um vs. CTRL: 615.97 + 30.80 um), cecum (GK: 354.70 & 24.00 pm vs.
CTRL: 292.72 4 30.77 pm), and PC (GK: 728.53 & 45.79 pm vs. CTRL: 808.19 £ 51.10 um)
presented similar results in both GK and control animals (Figure 3). Additionally, in the
epithelial layer, villi length and crypt depth were also increased in the duodenum and
ileum of GK rats (Supplementary Materials, Figure S1).
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Figure 3. Morphometric evaluation of intestinal segments (duodenum, jejunum, ileum, cecum,
proximal colon, and distal colon) of control (CTRL, n = 5) and GK diabetic rats (GK, 1 = 6): total wall
thickness (um) of each intestinal segment and thickness (um) of the intestinal layers (longitudinal
muscle, circular muscle, submucosa, and mucosa) of duodenum, jejunum, ileum, cecum, proximal
colon, and distal colon). Values are presented as mean + SEM, and a 2-way ANOVA followed by an
unpaired f test with Welch'’s correction was used to compare the two experimental groups (CTRL and
GK). * Statistical difference p < 0.05 vs. correspondent control. Unpaired ¢ test with Welch’s correction
was used to compare the two experimental groups.

In Figure 4, representative images of both control (CTRL) and GK animals are dis-
played, encompassing all the studied sections. These images provide a comprehensive
visual comparison, highlighting the differences in each portion analyzed.
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Figure 4. Representative microscopic photographs of duodenum, jejunum, ileum, cecum, proximal
colon, and distal colon of control (CTRL) and GK rats (GK) stained with hematoxylin (blue) and eosin
(pink), captured using 40 x magnification. Longitudinal muscle (Im) and circular muscle (cm) were
identified in all images.

Then, collagen deposition was measured to evaluate potential tissue remodeling
and fibrosis, conditions commonly linked to chronic hyperglycemia. These factors could
explain the increased thickness of the muscular layers observed in the histomorphometric
analysis. Masson’s trichrome and periodic acid—-Schiff (PAS) stains were assessed by an
experienced pathologist blinded to the experiments. Interestingly, qualitative evaluation
revealed no discernible differences between the control and GK diabetic animals. This
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suggests the absence of collagen deposition and no meaningful disparity in the proportion
of carbohydrate macromolecules, such as glycogen, between the GK and control animal
groups. Representative microscopic photographs of the colon with both staining techniques
are shown in Figure 5.

Masson’s
trichrome

PAS

Figure 5. Representative microscopic photographs of the colon of control (CTRL) and GK rats (GK)
stained with Masson’s trichrome and periodic acid-Schiff (PAS), captured at 100x magnification.
Longitudinal muscle (Im) and circular muscle (cm) were identified in all images.

2.3. Smooth Muscle Cell Density in the Muscular Layers

Smooth muscle cell density was quantified in response to the negative results from
Masson’s trichrome staining to determine whether an increase in density might be linked
to smooth muscle hypertrophy. The number of nuclei of smooth muscle cells (SMCs) was
lower in GK rats in all portions studied except for the duodenum compared to controls
(jejunum: 15.42 £ 0.89 vs. 18.75 £ 0.1; ileum: 12.23 4 0.80 vs. 15.35 £ 0.57; cecum:
9.65 £0.65 vs. 13.50 £ 0.67; PC: 14.90 £ 0.80 vs. 18.68 £ 0.52; DC: 10.06 + 0.64 vs.
13.25 + 0.51, respectively, p < 0.02 for all; duodenum: 17.58 + 0.74 vs. 19.08 £ 0.31,
respectively, p > 0.05). Representative microscopic images focusing on the muscular layers
are depicted in Figure 6.
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Figure 6. Morphoquantitative analyses of the density of smooth muscle cells (SMCs) in the muscular
layers of duodenum, jejunum, ileum, cecum, and proximal and distal colon of control group (CTRL,
n =5) and GK diabetic rats (GK, n = 6). Data are expressed as the mean + SEM, and comparisons
between the two groups were made using Student’s f test. * Statistical difference, p < 0.05. Represen-
tative microscopic photographs of the muscle layers of distal colon of control (CTRL) and GK rats
(GK) stained with hematoxylin and eosin, captured at 100 x magnification. Longitudinal muscle (Im)
and circular muscle (cm) were identified in both images.

2.4. Neuronal Density in the Myenteric Plexi

Neuron density was also assessed, based on the findings of Honoré et al. (2011), which
suggested that neuronal loss could contribute to increased colonic thickness, potentially
due to the greater force required for motility. Both smooth muscle cell and neuron densities
are critical for maintaining proper gastrointestinal motility and function, which may be
compromised by prolonged diabetes.

The neuronal density in the myenteric plexus was lower in the GK group, when
compared to control rats (Figure 7). The number of nuclei per mm? was statistically lower
in diabetic animals compared to controls in all portions studied (duodenum: 444.95 + 13.97
vs. 540.54 £ 21.47; jejunum: 461.65 £ 31.78 vs. 562.62 + 10.86; ileum: 396.36 £ 12.73
vs. 546.63 & 15.94; cecum: 363.81 + 17.74 vs. 440.65 & 24.82; PC: 382.36 & 12.34 vs.
511.90 + 11.85; DC: 352.65 &£ 27.94 vs. 491.03 & 21.47, respectively, p < 0.05 for all). Repre-
sentative microscopic images focusing on the myenteric plexus are depicted in Figure 7.
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Figure 7. Morphoquantitative analyses of the neuronal density in the myenteric plexus of duodenum,
jejunum, ileum, cecum, and proximal and distal colon of control group (CTRL, 1 = 5) vs. GK diabetic
rats (GK, n = 6). Data are expressed as the mean &= SEM, and comparisons between the two groups
were made using Student’s t test. * Statistical difference, p < 0.05. Representative microscopic
photographs of the myenteric plexus proximal colon of control (CTRL) and GK rats (GK) stained
with hematoxylin and eosin, captured at 100 x magnification. Longitudinal muscle (Im) and circular
muscle (cm) were identified in both images.

2.5. Total GSH and GSSG Quantification

To investigate the potential causes of decreased neuron density observed in the myen-
teric plexus of GK rats, we decided to measure GSH levels as an indicator of oxidative
stress, a critical factor in the development of diabetic complications. The results of the total
glutathione quantification showed a decrease in tGSH in diabetic animals compared to
controls in all portions studied except the duodenum (in nmol tGSH/mg protein, jejunum:
1.01 £ 0.06 vs. 2.11 +£ 0,03; ileum: 0.92 £ 0.11 vs. 2.17 £ 0,15; cecum: 0.91 % 0.01 vs.
2.24 £ 0.15; PC: 0.94 £ 0.06 vs. 2.09 £ 0.12; DC: 0.87 & 0.02 vs. 2.44 + 0.19, respectively,
p < 0.02 for all; duodenum: 1.11 % 0.20 vs. 1.17 £ 0.07, respectively, p > 0.05). However,
the quantification of GSSG revealed comparable values between GK rats and controls
across all studied portions (p > 0.05 for all) (Figure 8). Regarding the GSH/GSSG ratio, a
decrease was observed in all portions of GK diabetic rats compared to controls (duodenum:
6.04 £ 0.24 vs. 8.28 £ 0.32; jejunum: 4.77 £ 0.31 vs. 9.39 & 1.31; ileum: 4.62 & 0.52 vs. 10.27
=+ 1.20; cecum: 3.94 & 0.31 vs. 10.84 4 1.22; PC: 4.84 4= 0.53 vs. 9.15 + 0.16; DC: 4.35 & 0.47
vs. 8.83 £ 0.62, respectively, p < 0.05 for all) (Figure 8).
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Figure 8. Glutathione evaluation of intestinal segments (duodenum, jejunum, ileum, cecum, proximal
colon, and distal colon) of control (CTRL, n = 5) and GK diabetic rats (GK, n = 6): total glutathione
(tGSH) quantification (nmol GSH/mg protein); oxidized glutathione (GSSG) quantification (nmol
GSSG/mg protein) and ratio GSH/GSSG. Values are mean + SEM, and an unpaired Student’s
t test with Welch’s correction was used to compare the two experimental groups (CTRL and GK).
* Statistical difference p < 0.05 vs. correspondent control.

3. Discussion

This study presents a novel approach to examining local glutathione levels and mor-
phometric changes in the entire gut of GK rats. To the best of our knowledge, this is the
first comprehensive study to analyze histomorphometry and quantify tGSH, GSSG, and
the GSH/GSSG ratio across the entire gut, including the proximal and distal colon, all
intestinal segments, and the cecum in a T2D model. The assessment of local GSH provides
a more localized and precise evaluation of oxidative stress within the gastrointestinal tract.
This is a novel approach in diabetic animal models, offering new insights into how different
regions of the intestine respond to diabetes-related oxidative stress.

In this work, 21-week-old male GK rats exhibited reduced weight compared to their
Wistar counterparts while presenting higher food intake. They also showed fasting basal
hyperglycemia and impaired insulin sensitivity when compared to the control group. It has
already been shown that GK animals fail to accumulate body fat despite their higher calorie
consumption and that adipose tissue is a major contributor to the differential weight in
these animals [33]. These changes are due to an impairment in pre-adipocyte differentiation
into mature adipocytes, leading to a defect in triglyceride storage [33]. Therefore, these
findings align with the expectations for the GK model, since the average body weight of a
GK rat is expected to be 10-30% less than that of an age-matched control Wistar rat [34].
Basal hyperglycemia has also been documented in GK rats, often manifesting as early
as 3 weeks of age [35]. At birth, the (3-cell mass of a GK rat is already severely reduced
compared to that of a Wistar rat [36], and in adult GK rats, the (3-cell mass is usually
reduced up to 60% with markedly decreased insulin secretion [37,38], which explains the
early hyperglycemia. Insulin resistance, another well-documented trait of this genetic
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model of T2D [15,39], also aligns with the findings of our study. Although inadequate
(3-cell proliferation in early life is a limitation as it relates to the human condition, other
characteristics are consistent with descriptions in the literature and validate GK rats as a
non-obese T2D animal model [34,40].

Histomorphometric changes in the gut of other animal models of diabetes have already
been described [21,22,24,41,42], but this is the first study to comprehensively examine the
gut from the duodenum to the distal colon. This approach was chosen in order to ascertain
whether we would observe a similar proximal-to-distal progression of the disease as
previously described in models of T1D [22,43]. In the GK rat, a T2D model, we did not
observe such a pattern. Gut remodeling appears to occur in both mucosa and muscle layers,
in different regions of the gut. The increase in the mucosa layer has been reported, and it
was suggested that it is a mechanism to augment the absorptive surface area and functional
capacity of the intestine [44]. Hyperphagia occurs in almost every model of diabetes
and has also been suggested as a contributor to the increase in the thickness of intestinal
mucosa [43]. However, it appears that the hyperglycemic state itself is sufficient to promote
significant mucosal growth independent of food intake [45]. This was reinforced by another
study where insulin administration prevented a marked increase in the intestinal epithelial
cell proliferation rate of type 1 diabetic rats, resulting in reduced intestinal mucosal growth
compared to non-treated diabetic animals [46]. Adachi et al. showed that GK rats also
exhibited intestinal hyperplasia, possibly due to the increased expression of transcription
factors and proteins involved in cell regeneration, differentiation, and/or proliferation [47].
An increase in the muscle layers of the gut has also already been reported in several animal
models of diabetes [21,24,41,48]. In our study, the increase in the thickness of muscular
layers may be at least partially attributed to hypertrophy of SMCs since we observed a
decreased density, rather than an increase. This finding was consistent across all portions
examined (not reaching statistical significance in the duodenum). SMC hypertrophy has
already been described by Horvath et al., who associated this alteration with contractile
protein actin and myosin increases in diabetic patients [17].

The myenteric plexus is located between the circular and the longitudinal muscular
layers and is the main thing responsible for GI motility control [16,49]. In contrast to the
findings of Pereira et al. [24], who did not observe a significant difference in the number of
myenteric neurons per unit area between GK animals and controls, our study revealed a
decrease in the density of myenteric neurons in diabetic animals. It is worth noting that
our animals were older compared to those in the study by Pereira et al. [24]. Therefore, the
duration of diabetes may play a role in the development of these alterations. Addition-
ally, several authors also reported changes in the number and size of myenteric neurons
throughout the entire GI tract, including the stomach [43], duodenum [50], jejunum [51],
ileum [49], cecum [52], and colon [53], in both type 1 (streptozotocin-induced diabetic
rats) [54] and type 2 D (diabetic mice consuming a high-fat diet) [55]. It seems that the
neuronal population of the submucosal plexus may be more susceptible to degenerative
changes induced by diabetes than the myenteric plexus [56]. The mechanisms underlying
neuronal loss encompass increased apoptosis, elevated levels of Advanced Glycation End
products (AGEs) and Receptor of Advanced Glycation End products (RAGEs), reduced
nerve growth factor levels, and heightened oxidative stress [51,53,57].

These changes in the morphology of the small intestine and colon result in biome-
chanical alterations such as a loss of matrix elasticity and contractility, impairing both
contraction and relaxation responses, which are fundamental for maintaining normal GI
motility [32,58]. This leads to impaired intestinal sensory function and reduced intestinal
motility [41,59,60], while increased thickness of the mucosa can affect digestion and absorp-
tion [61]. The neuronal change can further lead to improper gut motility, retrograde colonic
movements, altered secretions, and even increased pain stimuli [62,63]. These alterations
may provide insight into the common GI symptoms observed in diabetic patients [21].

Oxidative stress results from an imbalance between the production of ROS and an-
tioxidant defenses and has already been implicated in gastrointestinal complications of
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diabetes [64,65]. Given that glutathione serves as the body’s primary antioxidant, playing
a crucial role in combating oxidative stress [66], and that previous studies showed that
hyperglycemia-related oxidative stress was a primary inducer of neurological damage [16],
we chose to quantify GSH levels locally. To the best of our knowledge, this is the first
study to comprehensively evaluate tGSH and GSSG levels and the GSH/GSSG ratio across
all sections of the gut in diabetic animals. In this work, we observed a decrease in tGSH
levels in all examined segments of the gut, except for the duodenum. Furthermore, while
the levels of GSSG were comparable between diabetic and control animals, the ratio of
GSH to GSSG was significantly lower in diabetic animals (including in the duodenum),
indicating increased levels of oxidative stress. The reduction in the GSH/GSSG ratio can
result from either a decrease in free GSH levels or an increase in GSSG levels. In this study,
the observed decrease in the GSH/GSSG ratio in GK rats was primarily due to a reduction
in GSH levels in GK animals compared to controls, as there were no significant differences
in GSSG levels between the two experimental groups. Chandrasekharan et al. conducted
the first and only quantification of GSH but only in the diabetic colon as an indicator of
oxidative stress, wherein they also observed a decrease in GSH levels associated with neu-
rological damage and motor dysfunction [32]. These are likewise consistent with findings
in individuals with T2D, who have been reported to exhibit lower blood GSH values [67,68].
Also, the depletion of GSH observed in a streptozotocin-induced model of diabetes has
been shown to cause cardiac damage and cardiomyocyte apoptosis [69]. In another study, a
decrease in GSH levels was observed in vascular smooth muscle cells, which was attributed
to the depletion of glutathione precursors, particularly cysteine, which is a rate-limiting
substrate in new glutathione synthesis [70]. Sekhar et al. described that the principal
cause of oxidative stress in T2D is a deficiency of glutathione, primarily stemming from
reduced synthesis due to the limited availability of the precursor amino acids cysteine
and glycine, and that the supplementation of these precursors through dietary means can
restore the synthesis of glutathione, consequently leading to a significant reduction in
oxidative stress and markers of oxidant damage [71]. Furthermore, in individuals with
type 2 diabetes, increased levels of transforming growth factor beta (TGF-f3) were observed
in plasma samples. This cytokine is known to reduce the expression of the catalytic subunit
of glutamine-cysteine ligase, which also helps to explain why GSH levels decrease in these
individuals [72].

The alterations observed in the GSH and GSSG concentrations in our study led to a
decrease of up to 60% in the GSH/GSSG ratio in GK rats compared to controls. This reduc-
tion closely mirrors findings reported by Calabrese et al., who observed a 68% decrease
in plasma GSH levels in T2D patients compared to control subjects [73]. The decrease in
the plasma GSH/GSSG ratio not only correlates with heightened oxidative stress but also
appears to adversely affect glucose availability and homeostasis, thereby exacerbating the
diabetic condition [74,75]. Additionally, oxidative stress is known to play a critical role in
the pathogenesis of various diabetic complications, including neuropathy, nephropathy,
and retinopathy [27]. Furthermore, oxidative stress has also been identified as a significant
contributor to gastrointestinal dysmotility, including post-operative ileus and diabetic
gastroparesis [64]. Maintaining a balanced GSH/GSSG ratio is essential for protecting cells
from oxidative damage and ensuring proper metabolic functioning [76]. Therefore, our find-
ings highlight the importance of addressing oxidative stress when studying gastrointestinal
complications of diabetes.

The results of histomorphometry and oxidative stress combined reveal an interest-
ing pattern: all sections of the intestine showed signs of oxidative stress (indicated by a
decreased GSH/GSSG ratio) and neuronal damage, but muscular remodeling was not
observed in every portion. In fact, the duodenum displayed both oxidative stress and
neuronal damage, but the muscular layers showed no remodeling. This raises an important
question: does neuronal damage from oxidative stress occur before intestinal remodel-
ing? These findings prompt further investigation into the sequence of events leading to
gastrointestinal complications in diabetes.
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In conclusion, we identified significant remodeling of the intestine and colon, along
with marked alterations in the neuronal population of the myenteric plexus. The critical
local deficiency of GSH, a key antioxidant, emerged as a central factor driving increased
oxidative stress, which likely underlies the observed structural and neuronal damage in
the gut of GK rats. Furthermore, the reduced GSH/GSSG ratio further underscores the
oxidative stress in the examined gut regions. These data shed some light on the complex
interplay between diabetes and gastrointestinal adjustments, offering new insights that
could enhance our understanding and management of diabetic complications (Figure 9).

Whats heiy?

S First comprehensive map of the entire
diabetic gut, focusing on the intestine,
cecum, and colon. Key findings include:
- Histomorphometric region-specific
alterations
- Myenteric neuronal population
\ reduction
~ ——_ /2 First study to evaluate local tGSH levels
~ and the GSH/GSSG ratio in the diabetic
gut, revealing significant increase in
oxidative stress.

Key FakeaWays

The region-specific approach revealed distinct adaptive morphological changes in the
diabetic gut, along with localized oxidative stress. These findings open new avenues for
exploring treatment options.

A

Figure 9. This study combines histomorphometry with glutathione assessments, providing a dual
layer of analysis that allows for a more comprehensive understanding of tissue health and oxidative
damage across different diabetic gut regions.

4. Materials and Methods
4.1. Animals

Non-obese type 2 diabetic GK male rats (1 = 6), 2021 weeks old, were obtained from
the breeding colonies of the Faculty of Medicine, University of Coimbra. Wistar Han rats
(n = 5) from the same colony with comparable age were used as controls. Animals were kept
under standard ventilation, temperature (22.0 £ 0.1 °C), relative humidity (52.0 = 2.0%),
and light (12 h light/dark cycle) with access to autoclaved tap water and food ad libitum
(standard diet A03, SAFE®, Rosenberg, Germany). All procedures involving animals were
previously approved by the local animal welfare commission (ORBEA 13/18) following the
European Community guidelines for the use of laboratory animals (Directive 2010/63/EU)
and performed by licensed users.

4.2. In Vivo Procedures and Sample Collection

Animals” body weight, caloric intake, and blood glucose (6 h fast, blood collected from
the tail vein) were monitored for 2 weeks.

Intraperitoneal insulin tolerance tests (ITTs, Humulin, Lilly®, Indianapolis, Indiana,
USA, 0.25 IU/kg) were performed after a 6 h fast. Glycaemia evaluation was performed at
0, 15, 30, 60, and 120 min using a glucometer and test strips (Accu-Chek Aviva, Roche®,
Basel, Switzerland) [77].

After a 6 h fast, animals were anesthetized with an intraperitoneal injection of ketamine
(Nimatek, Dechra®, Northwich, England, 50 mg/kg) and xylazine (Sedaxylan, Dechra®,
6.6 mg/kg) and after blood collection were sacrificed by cervical displacement. The GI
tract from the proximal part of the duodenum to the distal part of the colon was collected
and weighed as previously described by our group [22].
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4.3. Histological Preparation and Analyses

Samples (1 cm long) of proximal duodenum (collected 2 cm distal to pylorus), middle
jejunum, distal ileum (collected 2 cm cranial to the ileocecal junction), cecum, proximal
colon (PC), and distal colon (DC) were collected and fixed in 4% formalin. All samples were
dehydrated in consecutive 70%, 96%, and 99% ethanol solutions and embedded in paraffin.
Then, 3 um thick cuts were made perpendicularly to the mucosa using a microtome and
mounted in sterilized glass slides. Finally, the sections were rehydrated in a series of
graded ethanol (99, 96, 70%), washed in water, and stained with hematoxylin and eosin
(H&E). Each section was evaluated under an optical microscope (Eclipse E600Miami, Nikon
Instruments®, Melville, NY, USA) and photographed in different representative regions
(magnification of 40x and 100x). All stained samples were evaluated by an experienced
veterinary pathologist who was blinded for the experimental groups. The thickness of
the mucosa, submucosa, circular, and longitudinal muscles was then measured, by the
same research team member, using the free Image]® software 1.54g. For each sample, the
layer thickness was measured randomly in twelve different locations, and then averaged.
The measurements were only carried out for images where the entire intestinal wall could
be observed. To evaluate collagen deposition in the extracellular matrix, the samples
were stained with Masson’s trichrome, and to measure the intracellular accumulation of
glycogen, the periodic acid-Schiff (PAS) reaction was performed. All histologic samples
were evaluated by an experienced veterinary pathologist.

4.4. Quantitative Analysis of Smooth Muscle Cells Nuclei in the Muscular Layers

For each sample, twelve sections centered in the muscular layers were photographed
(objective lens of 10x). For each section, an area of 50 pm x 200 um (10,000 um?) in the
center of the photo was used for nucleus quantification per unit area. Only the nuclei of
the SMCs within the test area boundaries and those that touched the lines were counted.
SMC nucleus density was expressed as the number of cells per mm? of muscular area.

4.5. Quantitative Analysis of Neuronal Nuclei in the Myenteric Plexi

For each sample, three sections stained with H&E were observed, and all myenteric
plexi were photographed using 10x, 20x, and 40 x objective lenses when needed. The
myenteric plexi were then outlined, and their areas were measured. The neurons’ nuclei
within all visible sections of the myenteric plexus were counted. Myenteric neuronal
density was expressed as the number of cells per mm? of the plexus.

4.6. Total GSH and GSSG Quantification

For total GSH (tGSH) and GSSG quantification, 1cm long samples of the proximal
duodenum, middle jejunum, distal ileum, cecum, PC, and DC were collected, and 400 pL
of perchloric acid 5% (w/v) was added. The tissues were homogenized and centrifugated
at 16,060 x ¢ for 10 min at 4 °C. The pellets were then saved for protein quantification at
—20 °C, and the acidic supernatant was stored at —80 °C until analysis.

The levels of tGSH and GSSG were measured using the DTNB-GSSH reductase recy-
cling assay, following the modified Ellman’s method [78]. Acidic samples were neutralized
with 0.76 M potassium bicarbonate and then centrifuged (16,060 g for 2 min at 4 °C). The
same process was applied to GSH standards ranging from 0 to 15 uM. In 96-well plates,
100 uL of sample was mixed with 65 pL of reagent solution containing NADPH (0.63 mM)
and DTNB (3.96 mM) and prepared in phosphate buffer (71.5 mM NayHPOy, 71.5 mM
NaH,POy, 0.63 mM EDTA). The mixture was incubated at 30 °C for 15 min. Subsequently,
40 pL of glutathione reductase (10 U/mL in phosphate buffer) was added, and absorbance
readings were taken at 415 nm for 3 min with 10 s intervals, using a Biotek PowerWaxe X
spectrophotometer (Charlotte, VT, USA). The tGSH and GSSG levels were normalized to
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protein levels and expressed as nmol/mg of protein. The GSH/GSSG ratio was calculated
using the following formula:

tGSH — 2 x GSSG
GSH/GSSG = e 1)

4.7. Protein Quantification

The pellets described in the previous section were dissolved in 0.5 M NaOH, and an
albumin stock solution was prepared with concentrations ranging from 0.0625 mg/mL to
1 mg/mL. The pellets were homogenized, and protein levels were assessed spectropho-
tometrically using a microplate reader (Biotek-Powerwave HT® Charlotte, VT, USA),
following the method described by Lowry et al., with measurements taken at a wavelength
of 700 nm [79].

4.8. Statistical Analysis

The GraphPad Prism 8.1.2 was used for statistical analysis of data. The unpaired
Student’s t test was used for comparison between 2 experimental groups (CTRL and GK),
and data were expressed as mean = SEM, where n refers to the number of experimental
animals. The Shapiro-Wilk test was employed to assess the normality of the data. All
datasets had p > 0.05 and were considered to have passed the normality test. To evaluate
histological and oxidative stress data, a two-way ANOVA followed by an unpaired ¢t test
with Welch’s correction was used to compare the two experimental groups. In all cases, a
p value of less than 0.05 was used to identify a statistically significant difference.
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Abstract: Phloroglucinol (PHG), an analgesic and spasmolytic drug, shows promise in preventing
high-fat-diet (HFD)-induced non-alcoholic fatty liver disease (NAFLD) and insulin resistance. In
Wistar rats, 10 weeks of PHG treatment did not prevent HFD-induced weight gain but significantly
mitigated fasting hyperglycemia, impaired insulin responses, and liver steatosis. This protective effect
was not linked to hepatic lipogenesis or AMP-activated protein kinase (AMPK) activation. Instead,
PHG improved mitochondrial function by reducing oxidative stress, enhancing ATP production, and
increasing anti-oxidant enzyme activity. PHG also relaxed gastric smooth muscles via potassium
channel activation and nitric oxide (NO) signaling, potentially delaying gastric emptying. A pilot
intervention in pre-diabetic men confirmed PHG's efficacy in improving postprandial glycemic
control and altering lipid metabolism. These findings suggest PHG as a potential therapeutic for
NAFLD and insulin resistance, acting through mechanisms involving mitochondrial protection,
anti-oxidant activity, and gastric motility modulation. Further clinical evaluation is warranted to
explore PHG’s full therapeutic potential.
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1. Introduction

The increasing worldwide rates of overweight and obesity constitute a growing medi-
cal issue and a major public health burden [1]. The unprecedented access to high-caloric
foods combined with a simultaneous reduction in physical activity and energy expenditure
is leading to a long-lasting positive energy balance, resulting in weight gain. An increased
body weight and high-fat diet lead to fat accumulation in peripheral tissues, such as the
liver, causing non-alcoholic fatty liver disease (NAFLD). Hepatocytes” steatosis makes
them less responsive to insulin and stimulates insulin resistance, as well as oxidative
stress and mitochondrial damage [2-5]. To compensate insulin resistance in peripheral
insulin-dependent tissues, the pancreas produces more insulin to maintain normal blood
glucose levels. Over time, this compensatory mechanism may become insufficient, leading
to elevated blood sugar levels and the eventual development of type 2 diabetes (T2DM).
On the other hand, as an anabolic, insulin promotes the storage of fat, and when its levels
are persistently high due to insulin resistance, it can lead to increased fat accumulation,
particularly in visceral adipose tissue. This creates a vicious cycle, as excess body fat,
especially visceral fat, further exacerbates insulin resistance, resulting in difficulty in losing
weight or weight gain [6].

Additionally, insulin resistance hampers the body’s ability to use glucose effectively for
energy, often resulting in fatigue, postprandial hypoglycemia, and reduced physical activity,
which further contributes to weight management issues. Addressing insulin resistance
through lifestyle changes such as dietary interventions, increased physical activity, and
weight management is essential for preventing its adverse health outcomes but is often
fruitless [7,8]. That is why patients with insulin resistance or who are pre-diabetic seek
pharmacological help.

The most widely used anti-diabetic drug that effectively reduces insulin resistance
is metformin. By activating AMP-activated protein kinase (AMPK), metformin enhances
cellular glucose uptake and utilization, particularly in muscle tissue, while simultaneously
inhibiting hepatic glucose production [9]. This dual action helps lower blood glucose
levels and improves insulin sensitivity. Additionally, metformin’s influence on AMPK
contributes to reduced fat accumulation and improved lipid metabolism, which further
mitigates insulin resistance. Its efficacy, safety profile, and additional benefits, such as
weight stabilization and potential cardiovascular protection, make metformin a cornerstone
in the management of insulin resistance and T2DM [10-12].

Using a drug repurposing approach, we show that phloroglucinol has anti-diabetic
and anti-oxidative properties and could be used in the treatment of non-alcoholic fatty liver
disease (NAFLD).

However, in the last decade, numerous new compounds have been tested to treat
insulin resistance and liver steatosis. Beginning with the resveratrol boom in the early XXI
century, multiple polyphenolic substances, such as curcumin or enterolactone, have shown
anti-diabetic, anti-oxidant, or anti-inflammatory properties in preclinical studies [13-17].
However, despite promising results in some cases, all these attempts failed to be introduced
into clinical practice due to the poor pharmacokinetics of polyphenols and very low
availability in humans [18]. That is why, in our project, we focused on phloroglucinol (PHG)
(benzene-1,3,5-triol), an organic compound from the phenol group similar to resveratrol
but characterized with good availability in vivo and anti-oxidative, anti-inflammatory and
anti-glycating properties [19,20]. Furthermore, being used for a long time as a generic
drug, PHG is well tolerated and affordable, which makes it a promising candidate for drug
repurposing in the treatment of NAFLD and insulin resistance.

In the following study, we describe the anti-diabetic properties of PHG, an antispas-
modic and analgesic drug also found in Ecklonia cava extracts. It reduced insulin resistance,
liver steatosis, and mitochondrial oxidative stress in rat models of NAFLD, as well as
ameliorated postprandial glucose tolerance and lipid metabolism in pre-diabetic men. As
an example of translatory medicine, our study shows that drug repurposing may provide
an efficient approach to discovering new therapeutic uses for existing medications.
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2. Results
2.1. PHG Protects Wistar Rats from High-Fat-Diet-Induced NAFLD and Insulin Resistance

Ten weeks of a high-fat diet (HFD) led to a significant increase in mean caloric intake,
resulting in higher body weight, liver steatosis, and insulin resistance in Wistar rats. Despite
PHG treatment not preventing HFD-induced weight gain, it was sufficient to prevent its
metabolic consequences, such as increased fasting glucose or impaired response to insulin
in an insulin tolerance test (ITT) (Figure 1A,G,1]J). Moreover, PHG also ameliorated glycemic
control in control diet rats, as seen in the change in the oral glucose tolerance test (OGTT)
AUC (Figure 1E). These anti-diabetic effects of PHG treatment in the HFD group could be
associated with a significant decrease in the histological grade of liver steatosis (Figure 1N,O).
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Figure 1. The effect of PHG treatment on insulin resistance in the NAFLD model. The effect of
ten—week HFD feeding of Wistar rats on body weight (A). Mean food (B) and caloric (C) intake.
End body weight (D). The effect of ten-week HFD and PHG treatment on oral glucose tolerance
test (OGTT) (E), OGTT AUC (F), end-day fasting glucose (G), change in fasting glucose during the
experiment (H), insulin tolerance test (ITT) (I), ITT AUC (J), liver mass (K), epididymal fat mass (L),
histological liver steatosis (M-O). n = 32; * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. If not
indicated otherwise * refers to control vs. particular group. For H * refers to day 0 vs. end day. Scale
bar refers to 50 um.

2.2. The Effect of PHG Is Not Related to Hepatic Lipogenesis or AMPK Mediated

One of the possible explanations for the results observed in Wistar rats could be due to
AMPK activation, resulting in decreased lipogenesis in the liver. To assay that potential, the
effect of PHG on lipogenesis was assessed via the incorporation of 14C-acetate tracer into
the lipids in control and AMPK KO mice hepatocytes during a 3 h treatment. In both the
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control and AMPK-deficient hepatocytes, PHG had no significant effect on lipid synthesis
up to 100 pM. At very high concentrations (300 tM and 1 mM), lipid synthesis was inhibited
by barely 20%, similarly in control and AMPK KO hepatocytes (Figure 2A). In contrast, the
treatment of hepatocytes with AICAR at 200 uM, a well-known AMPK activator, inhibited
lipogenesis by >95% in control, and this effect was fully blunted in AMPK KO hepatocytes,
demonstrating that AICAR inhibits lipogenesis in an AMPK-dependent manner. Western
blot analysis showed that treatment of control hepatocytes with PHG for 3 h did not
increase AMPK phosphorylation on Thr172 or the phosphorylation of its target ACC on
Ser79, even at concentrations as high as 1 mM. In contrast, AICAR at 200 pM induced
robust phosphorylation of AMPK and ACC (Figure 2B). In conclusion, it seems clear that
in hepatocytes, PHG does not affect lipid synthesis (<20% at high concentrations >300 uM),
and it is not an AMPK activator, even at concentrations as high as 1 mM. Thus, the observed
decrease in liver steatosis in rats in response to PHG does not seem to be mediated by
lipogenesis inhibition or by AMPK activation in hepatocytes.
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Figure 2. Effect of phloroglucinol on lipid synthesis in control and AMPK-deficient primary mouse
hepatocytes. The effect of PHG and AICAR on de novo lipid synthesis (A) and phosphorylation of
AMPK« at Thr172, and ACC at Ser79. A representative picture of the Western blotting membrane is
shown (B). n = 3.

2.3. PHG Protects Mitochondria from Oxidative Stress

Since the effect of PHG on liver steatosis and insulin resistance was not AMPK me-
diated or related to lipid synthesis, we focused on its potential effect on mitochondrial
function, as they are responsible for lipid oxidation. To assess that, we used two cell culture
models: HepG2 and differentiated 3T3-L1, which were exposed to a 0.75 mM palmitic acid
(PA) medium for 24 h to induce steatosis and oxidative stress. The exposure to PA signifi-
cantly inhibited the activity of both complexes I and II + III, which was partly reversed in
the presence of PHG. The reduced activity of respiratory complexes was accompanied by
increased ROS production and an ADP/ATP ratio in the group exposed to PA (Figure 3).
In summary, these results indicate PA-induced impairment of mitochondrial function, man-
ifested by reduced energy production and increased electron leakage, leading to intensified
free radical formation.
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Figure 3. The effect of PHG on mitochondrial function. The effect of PHG on mitochondrial
complex I (A,B), complex II (EF), complexes II+III (I]) and complex IV (M,N) activity, ATP/ ADP
ratio (C,D), CS (G,H), DCFH-DA (K,L) and H,O; production (O,P) in mitochondria isolated from
HepG2 and 3T3L1 model of NAFLD respectively. n = 3. * p < 0.05, ** p < 0.01, *** p < 0.001.

Unsurprisingly, the increased ROS production resulted in elevated mitochondrial
damage, which could have been prevented when PHG was added to the culture media.
The drug normalized the concentration of both reduced and oxidized glutathione and
restored a control redox ratio. Furthermore, PHG increased the activity of enzymatic anti-
oxidants: GSH-Px and SOD in mitochondria, which was inhibited by PA (Figure 4). Taken
together, our findings suggest that PHG normalizes mitochondrial function and protects
them from oxidative damage. Its effect seems to be multifactorial, affecting cellular steatosis,
mitochondrial complexes’ activity, and enzymatic anti-oxidants. As a downstream effect of
PHG protective activity, we observed a decrease in TNF-a and IL-1 concentrations in media
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and the normalization of key regulators of apoptosis: Bax and Bcl-2 in both analyzed cell
lines (Figure 5).
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Figure 4. The effect of PHG on mitochondrial enzymatic anti-oxidants, redox ratio and oxidative damage.
The effect of PHG on mitochondrial activity of GSH-Px (A,B), CAT (C,D), SOD (EF), concertation of
GSH (G,H) and GSSG (I]), redox ratio (K,L), TBARS (M,N), AGEs (O,P), peroxynitrite (Q,R) and nitrotyro-
sine production (S, T) in mitochondria isolated from HepG2 and 3T3L1 model of NAFLD respectively. n = 3.
*p <0.05,** p <0.01, ** p < 0.001, *** p < 0.0001.
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Figure 5. The effect of PHG on inflammation and apoptosis. The effect of PHG on media TNFo (A,B)
and Il-1 (C,D) concentration, as well as mitochondrial expression of Bax (EF), Bcl-2 (G,H) and
Bax/Bcl-2 ratio (I,J) in mitochondria isolated from HepG2 and 3T3L1 model of NAFLD respectively.
n=3.%p<0.05*p<0.01**p<0.001.

2.4. PHG Relaxes Gastric Smooth Muscles

Since PHG is registered as an analgesic and spasmolytic drug, another possible ex-
planation for its effects on glycaemic control could be gastric muscle relaxation, resulting
in delayed gastric emptying and food passages. Interestingly, despite PHG being used as
a spasmolytic drug for decades, the molecular mechanism of its action has not been clearly
explained so far. Thus, to answer whether PHG affects gastric smooth muscle contractility
and to look for a molecular explanation of its effects, we established an ex vivo gastric
smooth muscle bath culture. In the muscle strips that were isolated from the upper half of
the human stomach, carbachol, in the concentration of 10~¢ mol/L, promoted a noticeable
and stable muscle contractility (Figure 6A). Typical tracings show the response of gastric
smooth muscle strips when cumulatively applied to PHG (Figure 6B).
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Figure 6. PHG relaxes gastric smooth muscles. A typical recording of carbachol-induced contractile
activity of the human gastric strips (A) and the effect of cumulatively administered PHG (range
107~1073 mol/L) (B). Representative recording for the blocking effect of ODQ (C) and 4-AP (D)
pre-treatment on PHG-induced muscle relaxation. Effects of PHG after preincubation with L-NAME,
ODQ (E); and TEA, 4-AP, ChTX, glibenclamide, or apamin (F) on the gastric strips, as measured by AUC.
Each point represents the mean =+ SEM of values obtained from individual gastric strips (n = 10) from
ten different patients. Contractions of the gastric strips before phloroglucinol were treated as controls.
*p <0.05, " p <0.01, ** p < 0.001 versus PHG alone.
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Pre-treatment with apamin, a specific blocker of the SKc, channel, altered PHG-
induced relaxation significantly at all concentrations of the drug. Similarly, preincubation
with a Karp channel blocker, glibenclamide, or a Ky channel blocker, 4-AP, caused con-
siderable inhibition of muscle contractions (Figure 6D). A statistically significant shift to
the right from the concentration-response curve for PHG observed after preincubation
with both apamin, glibenclamide, or 4-AP showed a noncompetitive antagonism of tissue
response to high efficacy (receptor reserve present). However, PHG-induced relaxation was
not inhibited by non-selective K+ channel inhibitors TEA and ChTX, inhibitors of BKc,
and IKc,, respectively (Figure 6F).

Since NO, as one of the most significant NANC neurotransmitters in the GI tract,
controls smooth muscle relaxation by cGMP-dependent or -independent mechanisms,
we decided to test its relationship with PHG. The data presented clearly show that after
preincubation with a guanylate cyclase blocker—ODQ—a statistically significant decrease
in AUC was observed at all PHG concentrations (Figure 6C). In addition, PHG-induced
relaxation was blocked by NO inhibition with L-NAME. Both effects were accompanied
by a statistically significant shift to the right of the concentration-response curves for
PHG, indicating that gastric strip relaxation caused by it is also related to NO production
(Figure 6E). All Log EC50 and Emax data are summarized in Table 1. These results indicate
that PHG relaxes gastric smooth muscles by activating certain types of potassium channels,
SKca, Katp, and Ky channels, as well as through NO signaling.

Table 1. Log EC50 and Emax for PHG on carbachol-induced contractility of the human gastric
muscles. The values are mean + SEM of n = 10 individual gastric strips from different patients.
*p <0.05 * p <0.01, ** p <0.001, *** p < 0.0001 versus phloroglucinol alone.

logECsp p-Value Emax p-Value
Phloroglucinol alone —3.92+0.14 4227 +£4.54
Phloroglucinol after
preincubation with
L-NAME —3.50 4+ 0.60 * 0.021 75.15 £ 7.92 *** p <0.001
ODQ —298+1.17* 0.0106 84.64 + 11.12** 0.0082
4-AP —2.94 £ 0.57 **** p <0.0001 70.95 £ 7.06 ** 0.0049
ChTX —3.92+£0.11 0.472 48.11 +3.84 0.5887
Apamin —3.00 £ 0.22 **** p <0.0001 62.11 + 3.64 ** 0.0077
Glibenclamide —2.65 £ 0.82 **** p <0.0001 59.47 £ 6.87 % 0.0408
TEA —4.01£0.14 0.1001 3749 £ 6.25 0.516

2.5. PHG Ameliorates Postprandial Glucose Tolerance and Calorimetry

Because acute exposure to PHG induced gastric muscle relaxation, we wanted to
verify if this effect can affect postprandial glycemic control, portal flow, and calorimetry in
humans. To measure that, we recruited 15 pre-diabetic male volunteers to conduct a pilot,
double-blinded, single-dosage, crossover intervention. We conducted a challenge test with
a high-carbohydrate meal intake, and surprisingly, even after a single dosage of PHG, we
observed a significantly lower postprandial peak of glycemia and insulin concentrations
(Figure 7B,F). However, it has to be noted that due to high variability between participants,
statistically significant changes in postprandial insulin concentrations were observed only
if results were expressed as a % change from the baseline (fasting) insulin concentration
for each individual. Nevertheless, considering the small group size and acute exposure,
it seems promising to assess the anti-diabetic effects of chronic PHG treatment in future
clinical trials in pre-diabetic or T2DM patients. Since it is unlikely that a single dosage
affected insulin resistance, the observed effect on postprandial glycemic control might
support our hypothesis on delayed gastric emptying and food passages. PHG did not affect
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the portal vein diameter or portal flow (Figure 7E,I). On the other hand, pre-treatment with
PHG led to slightly increased postprandial energy expenditure and oxygen consumption
with a pronounced yet not significant trend toward lipid oxidation (Figure 7J-R).
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Figure 7. The effect of single dose Spasfon 160 mg on postprandial glycemic control and calorimetry
in pre-diabetic male volunteers. Meal test and IMP intervention visit design (A). Postprandial glucose
level (B), glucose AUC (C), triglyceride (D), insulin (F), insulin AUC (G), free fatty acid level (H).
Postprandial change in portal vein diameter (E) and portal flow (I). Postprandial energy expenditure
(resting metabolic rate (RMR)) (J), RMR AUC (K), oxygen consumption (L), oxygen consumption
AUC (M), carbon dioxide production (N), carbon dioxide production AUC (O), percentage of fat (P),
carbohydrates (Q) and protein (R) in substrates utilization. For biochemical assays n = 15, for
calorimetry and US examination n = 10. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 placebo vs.
Spasfon 160 mg. For portal diameter and flow * refers to fasting vs. postprandial.

2.6. PHG Affects Postprandial Lipid Metabolism

To screen for possible metabolic effects of PHG, we applied untargeted metabolomics
in plasma samples collected during the high-carbohydrate meal test. Pathway analy-
sis was performed for 29 unique annotated metabolites. The analysis revealed that
the treatment highly affected the glycerophospholipid, sphingolipid, and linoleic acid
metabolism (Figure 8A). Almost all metabolites differentiating between placebos and the
drug in postprandial metabolomics were classified as lipid: 64% belonged to the glyc-
erophospholipids class, 10% were sphingolipids, 10% were fatty acyls, and 2% were sterol
lipids as well as glycerophospholipids (Figure 8B). Within fatty acyls, carnitines (CAR 6:0,
CAR 12:1, and CAR 14:1) decreased after the drug administration, while aminopentanoic
acid increased. Lysophosphatidylcholines (LPC 18:0, LPC 18:1, LPC 18:2 and LPC 18:3) in-
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creased after drug administration similarly to ether-lysophosphatidylcholines (LPC O-16:0,
LPC O-18:2/LPC P-18:1 and LPC O-18:2/LPC P-18:1). In contrast, phosphatidylcholines
and ether-phosphatidylcholines behaved differently: most phosphatidylcholines (PC 36:4,
PC 37:4, PC 38:5, PC 40:7) decreased, while the majority of ether-phosphatidylcholines
(PC O-34:2/PC P-34:1, PC O-38:67/PC P-38:6 and PC O-21:0) increased after the drug
administration. Glycerophosphatidylethanolamines behaved similarly to the glycerophos-
phocholines: lysophosphatidylethanolamines (LPE 18:1 and LPE 18:3) increased after the
drug administration, while diacyl glycerophosphoethanolamines (PE 38:1 and PE 38:4)
decreased. Interestingly, all discriminating LPCs and LPEs were annotated as sn-1 forms.
Within sphingolipids both sphingomyelins (SM(d33:1), SM(d34:0), SM(d38:2)), and galacto-
sylceramide (d34:1) decreased after drug administration. Finally, only one sterol lipid was
found to significantly differ between groups, cholesterol, slightly decreasing in the plasma of
patients receiving the drug. Taken together, the metabolomics results suggest that PHG may
affect the activity of phospholipase Al (PLA;) since it decreased PCs and increased LPCs.
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Figure 8. The effect of PHG on lipid metabolism. Pathway analysis of the effects of PHG on
postprandial metabolomics (A) and the classification of significantly changed metabolites (B). Main
changes in serum metabolites induced by a single-dosage PHG administration in pre-diabetic men (C).
The effects of ten-week PHG treatment on mitochondrial activity and oxidative damage in the liver of
high-fat-fed Wistar rats (D). For human metabolomics data n = 10, for Wistar NAFLD model n = 32;
*p<0.05,*p<0.01.

Similarly, increased ether forms of PCs and LPCs may confirm its anti-oxidative effects
in vivo since these modified phospholipids served as cellular anti-oxidants (Figure 8C).
The metabolomic results and postprandial calorimetry seem to be in line with the results
observed in the rat model of NAFLD. Where chronic PHG treatment restored mitochondrial
complexes’ activities and ATP production in liver mitochondria what was disrupted by
HFD-feeding. However, when it was combined with the anti-oxidative properties of PHG,
it led to a significant decrease in mitochondrial oxidative damage (Figure 8D).

3. Discussion

Drug repurposing offers a promising strategy for discovering new therapeutic ap-
plications, leveraging the benefits of reduced development time, cost, and established
safety profiles [21,22]. In this study, we explored the repurposing of PHG, a generic drug
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registered as an analgesic and spasmolytic, for its effects on insulin resistance and liver
steatosis in a Wistar rat model of non-alcoholic fatty liver disease (NAFLD) and pre-diabetic
men. This translational research approach revealed significant findings on the protective
effects of PHG against high-fat-diet (HFD)-induced metabolic disorders.

Our study demonstrated that PHG effectively prevents the development of HFD-
induced liver steatosis and insulin resistance in Wistar rats. In contrast to previously
published results in C57BL/6] mice, we found that this protective effect of PHG is not
associated with AMP-activated protein kinase (AMPK) activation or lipid synthesis path-
ways in the liver [23]. Instead, PHG exhibits strong anti-oxidative, anti-glycative, and
anti-inflammatory properties, which protect mitochondrial function by reducing oxidative
stress, restoring ATP production, and maintaining redox balance. This is in line with our
previous reports on anti-glycative and anti-oxidant properties of PHG in vitro [19,20]. In
this study, we showed that PHG also mitigates oxidative damage at the mitochondrial
level. The effect of PHG is more pronounced in insulin-resistant hepatocytes than in
adipocytes. Additionally, PHG was found to relax gastric smooth muscles through multiple
pathways, including SK¢,, Katp, and Ky channels, as well as through NO synthesis and
signaling. Our observations on gastric track motility should not be surprising since PHG
is recommended as an antispasmodic for smooth muscles in the treatment of abdominal
pain [24-26]. Although it has long been used in clinical practice as an antispasmodic for
painful conditions of the urogenital and gastrointestinal (GI) tract, early in vivo studies
in anesthetized rats demonstrated that PHG did not affect contractions of the duodenum,
ileum, and colon [27]. This may suggest that its action is limited to gastric smooth muscles.
Thus, its spasmolytic activity may delay gastric emptying, potentially contributing to a
slower food passage and improved postprandial glycemic control. However, to better
understand the effect of PHG on GI tract motility and food digestion, it would be necessary
to assay the profile of postprandial incretin hormones, which was not possible in our study.
On the other hand, in irritable bowel syndrome (IBS), PHG has been shown to reduce
glycerol-induced abdominal pain and inhibit colonic phasic contractions without affecting
the colonic tone [28].

In a single-dosage crossover intervention study in pre-diabetic men, PHG significantly
improved postprandial glycemic control and increased energy expenditure. Untargeted
metabolomics pathway analysis revealed that PHG treatment significantly impacts glyc-
erophospholipid, sphingolipid, and linoleic acid metabolism. These changes suggest that
PHG may affect the activity of phospholipase Al (PLA1), as evidenced by decreased PCs and
increased LPCs. The rise in ether forms of PCs and LPCs further supports the anti-oxidant
effects of PHG in vivo, as these modified phospholipids act as cellular anti-oxidants. Similarly, in
a recent study assessing the oxidative stress in retinal pigment epithelium cells, PHG attenuated
DNA damage and apoptosis through the inhibition of mitochondrial ROS production [29].

The metabolomics findings align with our observations from the rat NAFLD model,
where chronic PHG treatment restored mitochondrial complex activity and ATP production
in liver mitochondria disrupted by HFD feeding. This restoration, combined with PHG’s
anti-oxidative properties, led to a significant reduction in mitochondrial oxidative damage.

PHG'’s ability to prevent liver steatosis and insulin resistance, coupled with its impact
on mitochondrial function, underscores its potential as a therapeutic agent for metabolic
disorders. The relaxation of gastric smooth muscles and the subsequent delay in gastric
emptying likely contribute to improved metabolic outcomes. The enhanced postprandial
glycemic control and energy expenditure observed in pre-diabetic men further highlight
the translational potential of PHG.

Despite the promising results, the precise molecular mechanisms underlying PHG’s
metabolic benefits warrant further investigation. While our study did not find a link be-
tween PHG’s effects and AMPK activation, future research should explore other potential
targets and pathways that mediate its actions. Additionally, the impact of PHG on other
metabolic tissues, such as muscle and adipose tissue, should be examined to fully under-
stand its systemic effects. Nevertheless, our findings indicate that PHG has a multifactorial
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role in mitigating metabolic dysfunctions associated with NAFLD and insulin resistance.
By protecting mitochondrial integrity, enhancing anti-oxidative defenses, and modulating
lipid metabolism, PHG emerges as a candidate for drug repurposing in the treatment of
T2DM and NAFLD. Further functional and clinical evaluations are needed to confirm its
efficacy in broader patient populations.

In conclusion, the repurposing of PHG exemplifies how existing drugs can be lever-
aged for new therapeutic uses, potentially offering a cost-effective and expedited route
to addressing pressing health issues such as NAFLD and insulin resistance. The insights
gained from this study pave the way for future investigations into PHG’s mechanisms of
action and its potential clinical applications.

Nevertheless, our study has some limitations. We have not assessed the effect of
long-term PHG treatment on lipid profiles, hepatic lipid transporters, and lipid metabolism,
nor have we assessed the drug’s effect on postprandial incretin signaling. However, our work
provides a good starting point for further clinical investigations that could answer at least
some of these concerns and verify whether PHG can be used in the treatment of T2DM.

4. Materials and Methods
4.1. Animals

Five-week-old Wistar male rats (120-140 g) were purchased from and housed in the
Experimental Medicine Center of the Medical University of Bialystok, Bialystok, Poland.
All animal experiments and procedures on Wistar rats were performed according to Polish
animal care regulations upon acceptance of the Local Ethical Committee in Olsztyn, Poland
(22/WPN/2021). The rats were housed under ambient temperatures: 2024 °C; 12 h
of daylight/darkness cycles; 55% =+ 10% humidity, two rats per cage. After 5 days of
acclimatization, the rats were randomly divided into 4 groups of 8 animals each. The rats
were closely monitored for behavioral changes or other adverse events to ensure animal
safety. On completing the experiment, the rats were euthanized using CO, with the volatile
method, and organs of interest were swiftly retrieved for H&E staining, mitochondria
isolation, and molecular assays.

4.2. High-Fat Diet (HFD) Treatment

To induce insulin resistance and liver steatosis, the rats in experimental groups were
fed with a high-fat diet (Research Diets, New Brunswick, NJ, USA, D12492) composed of
59.8% fats, 20.1% proteins and 20.1% carbohydrates for 10 weeks, while control groups
were fed a standard chow diet (Agropol, Motycz, Poland) composed of 10.3% fats, 24.2%
proteins and 65.5% carbohydrates for 10 weeks. All animals had ad libitum access to
chow and tap water. The control group (C) received a control chow diet and 0,9% NaCl
intragastric injection daily, and the PHG group received a control chow diet and 100 mg/kg
of PHG intragastric injection daily, the HFD group received a high-fat diet and 0,9% NaCl
intragastric injection daily while HFD + PHG group received high-fat diet and 100 mg/kg of
PHG intragastric injection daily. The PHG dosage was chosen based on a literature search [23].

4.3. AMPK Knock-Out Hepatocytes and Lipid Synthesis Assay

The effects of phloroglucinol on lipid synthesis and AMPK activation were assessed
in control and AMPK KO hepatocytes isolated from AMPKa110X/10x  q2lox/10x (control) and
AMPKo110x/10x | gplox/1ox_Afp_Cre (liver AMPK KO) mice as described previously [30].
The effect of phloroglucinol (at 30, 100, 300, and 1000 M) on lipogenesis flux was assessed
in triplicate via the incorporation of [1-14C]-acetate tracer into lipids in control and AMPK KO
hepatocytes during a 3 h treatment and compared with AICAR at 200 1M, a well-known AMPK
activator, as described previously [31]. AMPK phosphorylation on Thr172, as well as its target,
ACC, and phosphorylation on Ser79 were analyzed using standard Western blotting [30].
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4.4. Oral Glucose Tolerance Test (OGTT) and Insulin Tolerance Test (ITT)

Fasting glucose was measured on day 0 and the last day of the experiment. An oral
glucose tolerance test (OGTT) was performed on the last day of the experiment upon
overnight fasting. All rats received glucose (2 g/kg of body weight) in 0.9% saline solution
via intragastric tube. Blood glucose level was measured before glucose administration and
30, 60, 90, and 120 min after. Insulin tolerance test (ITT) was performed 6 days before the
end of the experiment upon overnight fasting. All rats received insulin (1 IU/kg of body
weight i.p. NovoRapid (Novo Nordisk, Bagsveerd, Denmark). Blood glucose level was
measured before insulin administration and 30, 60, 90, and 120 min after. All glucose level
measurements were performed in tail vein blood using an AccuCheck glucometer (Roche,
Basel, Switzerland).

4.5. Liver Histology

Freshly dissected liver lobes were fixed in 4% formaldehyde (SigmaAldrich, Warsaw,
Poland) overnight and replaced with 70% and 95% ethanol before paraffin embedding and
tissue cutting. The slides were stained with hematoxylin and eosin (H&E) and imaged un-
der the light microscope. A total of 2-3 liver sections per animal were assessed in a random
order by a blinded pathomorphologist from the Department of Medical Pathomorphology
of the Medical University of Bialystok, Poland.

4.6. Cell Culture and Mitochondria Isolation

The experimental procedures were conducted on differentiated 3T3-L1, and HepG2
cells seeded on 6-well plates. At the beginning of the experiment, HepG2 cells had a
confluence of 90%. 3T3-L1 were differentiated for 8 days, as previously described [32]. To
induce the NALFD model, cells were exposed to 0.75 mM of palmitic acid (PA) for 24 h.
The PA was dissolved in a growth medium (DMEM, 10%FBS, 1% penicillin/streptomycin)
as previously described [15,33]. Cells were divided into 4 experimental groups: control,
100 uM PHG, 0.75 mM PA, 0.75 mM PA* 100uM PHG. After the experiment, cells were
homogenized (1:10, w/v) with a Teflon-on-glass electric homogenizer in an ice-cold mi-
tochondria isolation buffer (250 mM sucrose, 5 mM Tris-HCI, and 2 mM ethylene glycol
bis(2-aminoethyl)tetraacetic acid) [34,35]. To prevent proteolysis, protease and phosphatase
inhibitors (Roche Diagnostics GmbH, Germany) were added. The homogenate was cen-
trifuged (500 g, 10 min, 4 °C), and the resulting supernatant was centrifuged twice at
8000x g for 10 min at 4 °C [36]. The mitochondria pellet was resuspended in an isolation
buffer and immediately processed [37].

4.7. Muscle Relaxation Assay
4.7.1. Sample Processing

The study was conducted under the Helsinki Declaration principles, the International
Conference on Harmonisation Guideline for Good Clinical Practice, the laws and regula-
tions of Poland, and with the approval from the Ethical Committee of Medical University of
Biatystok, Poland (No. R-I-002/304/2018). Tissues were obtained from patients undergoing
sleeve gastrectomy due to morbid obesity (n = 10 aged 25-51; BMI 47.31 & 1.11). The
experiment did not affect the course of the operation. Samples were taken from the upper
half of the stomach with larger curvature removed during the surgical procedure [38,39].
All patients were carefully informed about the aim and nature of the study before surgery
and signed written consent.

4.7.2. Experimental Protocol

After the equilibration period, contractile activity was stimulated using carbachol
(107% mol/L). The contractile activity of strips incubated only with carbachol was con-
sidered a control after reaching the plateau. To examine concentration—response relation-
ships, PHG was added cumulatively to the organ chambers (range 10~6-103 mol/ L) at
10-min intervals, and the effects were recorded. To verify the role of NOS in the effect of
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resveratrol 10 mol/L of N®-Methyl-L-arginine (N-Nitroarginine methyl ester, L-NAME),
a NO synthase (NOS) blocker and 10~° mol/L ODQ (soluble guanylate cyclase blocker,
sGC) were used. Concentration-response curves to PHG were also constructed in the
absence and presence of 10~3 mol/L tetraethylammonium chloride (TEA), a non-selective
K* channel blocker; 10~2 mol/L charybdotoxin (ChTX), an inhibitor of high conduc-
tance Ca®*-dependent (BKc,), intermediate (IKc,) conductance calcium-activated potas-
sium channels (K¢,), and slowly inactivating voltage-gated Kc, channels; 1073 mol/L
4-Aminopiridine (4AP)—a voltage-gated K* (Ky) channel blocker; 10~¢ mol/L apamin,
a small conductance K¢, (SKc,) channel blocker or 10~® mol/L glibenclamide, a K* ATP-
dependent (Katp) channel blocker. As far as possible, experiments were performed with
strips from the same stomach sample and were studied in parallel. Appropriate controls
were run under similar experimental conditions obtained from the same patient.

4.7.3. Measurement of Contraction Parameters

Gastric muscle activity was recorded by an isometric force transducer with digital
output (BIO-SYS-TECH, Bialystok, Poland) and calculated with the DASYLab software
unit (version 9.0; Laboratory Data Acquisition System, SuperLogics, Waltham, MA, USA).
The area under the curve (AUC) reflected the total change over time, representing the
contractile activity of stomach muscle responses before and after the administration of
the given drug. The AUC was measured as the area under all recorded contractions over
a 10 min interval before the addition of each agonist or antagonist, respectively [40,41].
Values from three to four strips from each sample were averaged at each time point for
each drug dose. The AUC of contractions of each muscle strip over a 10 min interval before
the addition of PHG was treated as a control (100%).

4.8. Single Dose Crossed Intervention

The interventional human study was conducted under the Helsinki Declaration princi-
ples, the International Conference on Harmonisation Guideline for Good Clinical Practice,
the laws and regulations of Poland, and with the approval from the Ethical Committee of
Medical University of Bialystok, Bialystok, Poland (No.APK.002.375.2021). Briefly, 15 male
volunteers with impaired fasting glucose (IGF) or impaired glucose tolerance (IGT) were
recruited into the randomized, placebo-controlled, double-blinded, single-dose crossover
intervention. Taking into consideration the fact that the investigated parameters may be
characterized by sexual dimorphism and other factors may have an impact on their concen-
trations depending on the phase of the menstrual cycle; therefore, only male participants
were enrolled in the study [42]. The study included 3 visits: a screening visit and two visits
with an intervention. During the screening visit, the inclusion and exclusion criteria were
evaluated based on medical history, physical examination, vital signs measurements as
well as on laboratory results, including fasting hematology, lipid profile, C-reactive protein
(CRP), creatine, aspartate transaminase, alanine transaminase and oral glucose tolerance
test (OGTT) conducted accordingly with the American Diabetes Association (ADA) rec-
ommendations [43]. OGTT was performed only in individuals without previously known
diabetes history; otherwise, only fasting glucose concentration was evaluated. Volunteers
enrolled in the study who met inclusion criteria and did not meet exclusion criteria were
instructed to maintain their regular lifestyle throughout the whole study participation and
to avoid intensive physical activity, intake of alcohol, and food rich in polyphenols (tea,
coffee, chocolate, etc.). The main study consisted of two visits during which participants
received an investigational medicinal product (IMP) or placebo in a random order, and
meal tests were performed. The interventional visits were conducted using a crossover
method. Therefore, IMP and placebo interventions were performed in the same individuals,
with at least a two-week wash-out period between interventions.
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4.8.1. IMP /Placebo

Individuals received both IMP and placebo capsules at different visits in random order.
The capsules containing IMP and placebo were prepared in the laboratory by a trained
pharmacist just before dispensing to the participant during a meal challenge test. In the
gelatin capsule, 160 mg of Spasfon Lyoc (Teva, Tel Awiw, Izrael), containing 160 mg of
phloroglucinol dihydrate or a placebo made of starch, was placed. Placebo capsules were
visually identical to IMP capsules and were dispensed in identical packaging. Consequently,
investigators, site staff, and participants remained blinded throughout the study:.

4.8.2. Biochemical Analysis

The blood for measurements of blood glucose, triglycerides, free fatty acids, insulin,
and metabolite levels was collected 30, 60, 120, and 180 min after meal intake. The samples
were prepared following the manufacturer’s laboratory kit instructions. The plasma glucose
concentrations were evaluated using the hexokinase enzymatic method (using Cobas c111,
Roche Diagnostics Co., Ltd., Basel, Switzerland). Serum insulin concentrations were as-
sessed using an immunoradiometric assay (INS-Irma, DIA Source S.A., Ottignies-Louvain-
la-Neuve, Belgium; using Wallac Wizard 1470 Automatic Gamma Counter, PerkinElmer
Life Sciences, Turku, Finland). The hsCRP, creatinine, ALT, AST, lipid profile including total
cholesterol, LDL-C, HDL-C, and TG concentrations were assessed by the enzymatic colori-
metric assays using commercially available laboratory kits (Cobas c111, Roche Diagnostic
Co., Ltd., Basel, Switzerland). Serum free fatty acid level was assessed by the enzymatic
colorimetric assay (Zenbio, Durham, NC, USA).

4.9. Untargeted Metabolomics
4.9.1. Chemical and Reagents

Ultrapure water was used to prepare all the aqueous solutions and was obtained
“in-house” from a Milli-Q Integral 3 system (Millipore, SAS, Molsheim, France). Zomepirac
sodium salt, formic acid, LC-MS-grade methanol and acetonitrile, and LC-grade ethanol
were purchased from Sigma-Aldrich Chemie GmbH (Steinheim, Germany).

4.9.2. Sample Preparation

Plasma samples were prepared using the previously described method [44]. On the
day of analysis, the samples were thawed on ice. For protein precipitation and metabo-
lite extraction, one plasma sample volume was mixed with three volumes of ice-cold
methanol/ethanol (1:1) containing one ppm of zomepirac (internal standard IS). After
extraction, samples were stored on ice for 10 min and centrifuged at 21,000 x g for 20 min
at 4 °C. The supernatant was filtered into a glass HPLC vial through a 0.22 pm nylon
filter (ThermoFisher Scientific, Waltham, MA, USA). Quality control samples (QCs) were
prepared by mixing equal volumes of all raw samples. QCs were treated like the rest of the
samples and injected at the beginning of the batch (10 injections) to equilibrate the system
and every ten samples to monitor further the analysis’s stability [45].

4.9.3. HPLC-MS Analysis

Plasma profiling was performed using 6546 iFunnel ESI-Q-TOF (Agilent Technologies,
Santa Clara, CA, USA) coupled with a 1290 Infinity UHPLC system (Agilent Technologies,
Santa Clara, CA, USA) with a degasser, binary pump and thermostated autosampler as
described in Supplementary Materials Methods.

4.9.4. Metabolite Annotation

The annotation process covered two stages: first, a tentative annotation assignment
based on the MS1 data and, second, spectral matching and structural elucidation based on
MS/MS data.

Initial tentative identification of the features discriminating between groups based
on accurate mass matching was performed using a CEU Mass Mediator (CMM, Madrid,
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Spain) [46]. CMM uses ionization, adduct formation, and elution order information to rank
tentative candidates retrieved from several databases. This led to the tentative assignment
of experimental masses to the candidate hits retrieved from the database, which covered
accurate mass matching, isotopic distribution determination, and checking of the possible
ions and adducts.

To confirm the annotation of the compounds, LC-MS/MS data independent analysis
(DIA) was performed. Fragmentation spectra were searched against the Metlin database.
In addition, spectra that were not available in the Metlin were manually inspected, and
lipid structural elucidation was performed. This was performed using known lipid frag-
mentation patterns [47,48].

4.9.5. Metabolic Pathway Analysis

Pathway analysis was performed using MetaboAnalyst 5.0 (http:/ /www.metaboanalyst.ca/
accessed on 20 April 2024). Only annotated metabolites significantly discriminating be-
tween groups were used for this analysis. The Kyoto Encyclopedia of Genes and Genomes
(KEGG) based Homo sapiens library was selected for analysis with a hypergeometric test in
over-representation analysis and relative-betweenness centrality in pathway typology anal-
ysis (to estimate node importance). Pathway significance was determined from pathway
enrichment analysis and based on values for each compound in the dataset.

4.10. Molecular Assays
4.10.1. Mitochondrial Activity

A colorimetric assay was used to measure the activity of Complex I (EC 1.6.5.3).
2,6-dichloroindophenol (DCIP) was reduced by electrons accepted from decyl ubiquinol
(coenzyme Qq), which was reduced after oxidation of NADH by Complex I [34]. The
method described by Rustin et al., which is based on colorimetric measurement of succinate-
ubiquinone reductase and succinate-cytochrome c reductase activities, was utilized in the
analysis of the activities of Complex Il and Complex II + III [49]. The activity of cytochrome
¢ oxidase (COX, complex IV) was analyzed colorimetrically at 550 nm wavelength by
measuring the oxidation of reduced cytochrome [50]. Citrate synthase (CS) activity was
measured colorimetrically using the reaction with 5-thio-2-nitrobenzoic acid generated
from 5,5'-dithiobis-2-nitrobenzoic acid during CS synthesis [51]. The ADP/ATP ratio was
measured using a bioluminescent method in which luciferase catalysis is the conversion of
ATP and luciferin to light. Abcam ADP/ATP Ratio Assay Kit ab65313 was utilized with
adherence to the manufacturer’s instructions.

4.10.2. Glutathione Metabolism

The content of oxidized (GSSG) and reduced (GSH) and total glutathione was assessed
colorimetrically at a 412 nm wavelength based on the enzymatic reaction between NADPH,
5,5-dithiobis-(2-nitrobenzoic acid) (DTNB), and glutathione reductase GR [52]. For the
GSSG determination, samples were thawed and neutralized to pH 6-7 with 1 M chlorhydrol
triethanolamine (TEA). Subsequently, samples were incubated with 2-vinylpyridine (to
inhibit glutathione oxidation). The concentration of GSH was calculated by comparing
the difference between total glutathione and disulfide glutathione levels. The redox ratio
was calculated according to the formula [GSH]?/[GSSG] [53,54]. The spectrophotometric
method described by Paglia and Valentine was used to assess serum glutathione peroxidase
(GPx) activity. In this method, organic peroxides are reduced in the presence of NADPH.
One unit of GPx activity was defined as the amount of the enzyme needed to catalyze the
oxidation of 1 pmol of NADPH for 1 min, and the absorbance was assessed at 340 nm.

4.10.3. Nitrosative Stress

Commercial enzyme-linked immunosorbent assay (ELISA) (Nitrotyrosine ELISA; Im-
mundiagnostik AG, Bensheim, Germany) was used to measure the level of nitrotyrosine.
All steps were performed in accordance with the manufacturer’s instructions. The peroxyni-
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trite content was measured using a colorimetric method involving peroxynitrite-mediated
nitration of phenol to nitrophenol. The resulting color product exhibited a maximum
absorption at the wavelength of 405 nm.

4.10.4. Oxidative Stress

The formation of hydrogen peroxide (H,O,) was quantified by measuring the increase
in fluorescence after the reaction of Amplex Red with HyO; in the presence of horseradish
peroxidase. The observation was performed at 530/590 nm wavelength [55]. The rate
of HyO, formation was calculated using a standard curve of H,O, stabilized solution.
Spectrofluorometric analysis was performed to measure the concentration of advanced
glycation end product (AGE) [56,57]. Samples were diluted 1:50 (v/v) in PBS (0.02 M,
pH 7.0), and the intensity of fluorescence was assessed at 440/370 nm in a 96-well microplate
spectrophotometer [58]. The results were expressed as fluorescence units (AFU) /mg protein.
The activity of both catalase (CAT) and superoxide dismutase (SOD) was determined
colorimetrically at 340 nm wavelength by measuring hydrogen peroxide decomposition
and inhibition of oxidation of epinephrine to adrenochrome, respectively [59,60]. One unit
of CAT activity was defined as an amount of the enzyme that degrades 1 umol of hydrogen
peroxide per minute. One unit of SOD activity was defined as the amount inhibiting the
oxidation of epinephrine by 50%.

4.10.5. ELISA

Bax and Bcl-2 expression were assessed using ELISA kits from Cell Biolabs Inc. (San
Diego, CA, USA). IL-1 and TNF-« concentrations in media were measured using ELISA
kits from EIAab (Wuhan, China). Samples were standardized to assess the total protein
concentration using the BCA method. All the assays were performed in triplicate according
to manufacturers’ instructions, and the results were averaged.

4.11. Data Analysis

Statistical analysis was analyzed using GraphPad Prism 8.3.0 for MacOS (GraphPad
Software, La Jolla, CA, USA). All series of data were checked for consistency with a Gaus-
sian distribution following the D’ Agostino—Pearson normality test. For muscle contractility
results dose-response was determined using one-way ANOVA or the Kruskal-Wallis test,
where appropriate. Statistically significant differences between means were determined by
Tukey’s post-hoc or a nonparametric Mann-Whitney test, where appropriate. For the rest
of the results, the statistical significance was assessed by one-way ANOVA with Tukey’s
post-hoc test for multiple comparisons. Values were considered to be statistically significant
atp <0.05.

5. Conclusions

Our study demonstrates that PHG, a known analgesic and spasmolytic drug, has po-
tent protective effects against HFD-induced NAFLD and insulin resistance. PHG's efficacy
in reducing liver steatosis and improving insulin sensitivity in Wistar rats is attributed to
its anti-oxidant properties and mitochondrial protection rather than modulation of hepatic
lipogenesis or AMPK activation.

PHG improves mitochondrial function by reducing oxidative stress, restoring ATP
production, and enhancing anti-oxidant defenses. Additionally, it relaxes gastric smooth
muscles, potentially delaying gastric emptying and thus contributing to better postprandial
glycemic control. This mechanism was further supported by a pilot intervention in pre-
diabetic men, where PHG administration improved postprandial glucose and insulin
profiles and altered lipid metabolism favorably.

The translational potential of PHG as a therapeutic agent for metabolic disorders is
significant, given its multifactorial effects on oxidative stress, mitochondrial function, and
lipid metabolism. However, further research is necessary to elucidate the precise molecular
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mechanisms underlying PHG’s metabolic benefits and to evaluate its long-term effects and
efficacy in larger clinical populations.

In conclusion, PHG emerges as a promising candidate for repurposing in the treatment
of NAFLD and insulin resistance. Its established safety profile and demonstrated metabolic
benefits provide a strong foundation for future clinical trials aimed at exploring its full
therapeutic potential in metabolic disorders.
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Abstract: Carnitine plays an essential role in maintaining energy homeostasis and metabolic
flexibility. Various medications, such as pivalate-conjugated antibiotics, valproic acid, and
anticancer agents, can induce carnitine deficiency, inhibit the utilization of fatty acid, and
contribute to the development of hypoglycemia. No studies have linked oral semaglutide to
carnitine deficiency. Herein, we report the case of a 34-year-old male patient with multiple
acyl-CoA dehydrogenase deficiency who developed carnitine deficiency attributable to
salcaprozic acid sodium (SNAC) in oral semaglutide. The patient was diagnosed with
type 2 diabetes mellitus at 32 years of age and was treated with semaglutide injections.
Hypoglycemic symptoms appeared after switching to oral semaglutide, and the mean
levels of blood-free carnitine significantly decreased. Liquid chromatography—tandem mass
spectrometry analysis revealed a peak corresponding to the SNAC—carnitine complex (m/z
423.24) in the urine exclusively during the oral administration of semaglutide. The MS/MS
spectra at m/z 423.24 contained peaks consistent with those of the SNAC and carnitine
product ions. Our results suggest that through complexation with carnitine, SNAC may
induce carnitine deficiency. Healthcare providers should monitor for carnitine deficiency
when administering SNAC-containing medications to at-risk individuals. Furthermore,
this case can raise more significant concerns about the potential impact of pharmaceutical
excipients like SNAC on metabolic pathways.

Keywords: carnitine deficiency; salcaprozic acid sodium; multiple acyl-CoA dehydrogenase
deficiency; type 2 diabetes; oral semaglutide

1. Introduction

Carnitine (3-hydroxy-4-N-trimethylammoniobutanoate) is an essential nutrient that plays
critical roles in facilitating energy production through the fatty acids oxidation, regulating
the acyl-CoA /CoA ratio within mitochondria, and excreting toxic acyl groups in the urine as
carnitine esters [1-4]. Approximately 75% of body carnitine is obtained from dietary sources,
with the remaining being synthesized endogenously in the liver and kidneys [5]. Skeletal
and cardiac muscle contain 99% of body carnitine, with only 0.5% present in extracellular
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compartments, maintaining blood-free carnitine levels at 25-50 pmol/L [6-8]. More than
90% of urine-excreted carnitine is reabsorbed by the kidneys when blood-free carnitine levels
are within the normal range [9]. By regulating carnitine excretion, the kidneys maintain
blood carnitine concentration within physiological limits [10]. Body carnitine homeostasis
relies on the coordination of dietary intake, endogenous synthesis, renal excretion, and
reabsorption. Carnitine deficiency results from the disruption of any of these metabolic
processes and is defined as an insufficient concentration of carnitine in tissues and blood,
thereby impairing proper organ function. The underlying causes classify the primary or
secondary types of carnitine deficiency, and among them, secondary carnitine deficiency
can be induced by medications, including pivalate-conjugated antibiotics, valproic acid, and
various anticancer drugs [6,11-13]. Pivalate-conjugated antibiotics contain pivalic acid to
enhance intestinal absorption; however, pivalate binds to free carnitine in the blood, increasing
urinary carnitine excretion and leading to carnitine deficiency [11]. Although the effect of
pivalate on carnitine homeostasis might be negligible in healthy adults, it can contribute to
carnitine deficiency in vulnerable populations, such as infants, individuals with chronic renal
or hepatic insufficiency, and those with inherited metabolic disorders, leading to hypoglycemia
and acute encephalopathy [14-18].

Multiple acyl-CoA dehydrogenase deficiency (MADD, MIM#231680), also known as
glutaric acidemia type 11, is a fatty acid oxidation disorder (FAOD) caused by defects in ei-
ther electron transfer flavoprotein (ETF) or ETF dehydrogenase [19]. ETF is a heterodimeric
protein in the mitochondrial matrix that accepts electrons from acyl-CoA dehydrogenase
involved in fatty acid (-oxidation, as well as from various other dehydrogenases par-
ticipating in amino acid, choline, and other metabolic pathways [20]. The electrons are
subsequently transferred to ETF dehydrogenase, situated in the inner mitochondrial mem-
brane, and then to the respiratory chain [21]. Consequently, MADD impairs fatty acid
oxidation, resulting in acylcarnitine accumulation. Accumulated acylcarnitine can inhibit
the organic cation/carnitine transporter 2-mediated transport and increase the urine ex-
cretion of carnitine, resulting in carnitine deficiency [6,22]. Treatment for individuals with
MADD includes frequent high-carbohydrate, low-protein, and low-fat diet meals, along
with riboflavin, carnitine, and coenzyme Q10 supplementation [23].

Salcaprozic acid sodium (SNAC), a synthetic N-acetylated amino-acid derivative of
salicylic acid, functions as an intestinal permeation enhancer similar to pivalic acid [24,25].
SNAC, which exhibits weakly acidic properties with amphiphilicity and surface activity,
was discovered through screening for substances capable of chaperoning drugs with
low mucosal permeability across the intestine [26]. SNAC was incorporated into an oral
formulation of vitamin By, which was approved as a medical food in 2014 [27]. In 2019,
the first oral glucagon-like peptide-1 receptor agonist, semaglutide formulated with SNAC,
was developed and approved by the Food and Drug Administration [28]. The pH buffering
effect of SNAC in the stomach prevents semaglutide degradation, enhances its solubility,
and promotes its monomerization, thus increasing its permeability through the gastric
mucosa [29]. Oral semaglutide demonstrates safety and tolerability identical to those of
subcutaneous semaglutide, and no studies have linked it to carnitine deficiency [28,30].

In this study, we report a case of MADD presenting with carnitine deficiency attributed
to oral semaglutide and identify SNAC as a potential inducer of carnitine deficiency.

2. Results
2.1. Case Description

A 34-year-old man with MADD first presented with consciousness disturbance, hypo-
glycemia, acidosis, and hyperammonemia when he developed acute gastroenteritis at the
age of 1 year. Urine organic acid analysis revealed elevated levels of ethylmalonic acid and
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glutanic acid. Genetic testing identified heterozygous pathogenic variants in the ETFA gene
(NM_000126.4): c.[764G>T];[478delG], confirming MADD [31]. The patient was treated with
riboflavin, levocarnitine, and allopurinol. Despite experiencing occasional hypoglycemic
episodes during infancy, the patient had an uneventful course after adolescence.

At the age of 32 years, the patient was diagnosed with type 2 diabetes mellitus and
began treatment with a once-daily liraglutide injection [32]. Treatment was changed to weekly
semaglutide at the age of 33 years and 2 months to improve convenience. Owing to the
temporary discontinuation of manufacturing and export of semaglutide injectable formula-
tions, the patient transitioned to daily oral semaglutide at the age of 33 years and 8 months.
Four months after this transition, the patient presented with headaches and vomiting. Blood
glucose and free carnitine levels were 3.3 mmol/L and 19.7 pmol/L, respectively (Table 1).
The mean free carnitine level during oral semaglutide administration was significantly lower
than that during semaglutide injection (29.3 vs. 63.8 umol/L, p = 0.012) (Figure S1). We
observed no changes in medication adherence, dietary habits, body weight, or hepatic and
renal functions. After increasing the levocarnitine dose from 1500 to 3000 mg and returning to
semaglutide injection, the hypoglycemic symptoms resolved, and free blood carnitine levels
increased (Table 1).

Table 1. Clinical data before and after carnitine deficiency: body weight, acylcarnitine profile,
hypoglycemic symptoms, and medications.

Months Relative to the Episode -8 —6 —4 -2 0 2 4 5 8

Body Weight (kg) 81.5 81.7 81.3 80.5 80 81.3 77.9 76.8 78.2

Acylcarnitines in dried blood spots

(pmol/L)
Co 7492  68.68 63.8 48.69 19.7 3445 1429 69.87 8373  66.02
c2 7.63 7.14 7.09 6.3 3.33 4.48 4.3 6.87 10.56  13.42
C4 0.75 0.69 0.91 0.62 0.35 0.45 0.38 0.94 1.05 111
Co6 0.49 0.32 0.7 0.66 0.18 0.26 0.17 0.36 0.92 1.19
C8 0.87 0.3 1.19 1.31 0.32 0.44 0.33 0.5 1.44 2.35
C10 0.37 0.12 0.45 0.47 0.17 0.2 0.14 0.19 0.62 1.17
C12 0.07 0.04 0.08 0.07 0.05 0.05 0.04 0.06 0.11 0.14
C14:1 0.09 0.04 0.08 0.06 0.06 0.07 0.06 0.07 0.14 0.14
Cle 0.46 0.33 0.5 0.42 0.38 0.48 0.36 0.47 0.55 0.61

Hypoglycemic symptoms - - — — + + + — — —

Treatment
Semaglutide injection (mg/week) 0.5 0.5 - — — - - 0.25 0.25 0.25
Oral semaglutide (mg/day) - - 3 7 7 7 7 - - —
Levocarnitine (mg/day) 1500 1500 1500 1500 1500 1500 1500 3000 3000 3000

CO, free carnitine; —, absent; +, present.

2.2. MS Analysis Results

The period during which the patient developed carnitine deficiency coincided with the oral
administration of semaglutide (Table 1), leading us to hypothesize that oral semaglutide may
cause carnitine deficiency. Given the molecular structure of oral semaglutide, we considered
the possibility of dehydration condensation between SNAC and free carnitine in the blood
(Figure 1). We performed liquid chromatography—tandem mass spectrometry (LC-MS/MS)
analysis on plasma, serum, and urine samples to investigate this hypothesis. LC-MS/MS
analysis revealed a peak corresponding to the molecular weight of the SNAC—carnitine complex
(m/z423.24) in urine during oral semaglutide administration (Figure 2a, Table S1). Although the
m/z423.24 peak eluted at 4.9 and 6.8 min (Figure 2b), both peaks exhibited identical MS/MS
spectra (Table S2). The MS/MS spectra at m/z 423.24 contained fragment ions corresponding
to carnitine and SNAC product ions (Figure 2c, Table S3). We were unable to identify the
corresponding peak for the SNAC—carnitine complex in serum or plasma samples.
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Figure 1. Chemical structures of (a) carnitine, (b) salcaprozic acid sodium (SNAC), and (c) SNAC-
carnitine complex.
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Figure 2. (a) MS spectra of m/z 420-430 in the urine during the period of oral semaglutide adminis-
tration. (b) The chromatogram of m1/z is 423.24. (c) MS/MS spectra of m/z 423.24, corresponding to
the molecular weight of the SNAC—carnitine complex. The closed arrows indicate the product ions of
SNAC, and the open arrows indicate those of carnitine.
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3. Discussion

We report a case of carnitine deficiency in a patient with MADD treated with oral semaglu-
tide. The patient, who had developed type 2 diabetes, was initially treated with semaglutide
injections. Upon transitioning to oral semaglutide, the patient developed hypoglycemic symp-
toms accompanied by markedly reduced blood-free carnitine levels. Our LC-MS analysis
detected a peak corresponding to the mass-to-charge ratio of the SNAC—carnitine complex
exclusively in urine during oral semaglutide administration. The SNAC—carnitine complex
eluted at 4.9 and 6.8 min, with both peaks exhibiting identical MS/MS spectra, suggesting
they represent structural isomers. MS/MS analysis confirmed the presence of product ions
corresponding to SNAC and carnitine. These findings suggested that carnitine deficiency
resulted from SNAC and carnitine complex formation. Healthcare providers should monitor
for SNAC-induced carnitine deficiency, particularly in vulnerable individuals.

Our study demonstrated that SNAC likely undergoes dehydration and condensation
with free carnitine in the blood, forming a SNAC—carnitine complex, which leads to sec-
ondary carnitine deficiency. This finding is supported by the temporal association between
the onset of the carnitine deficiency and the initiation of oral semaglutide treatment, as
well as the recovery of blood carnitine levels after discontinuing oral semaglutide. No
significant changes in the diet, body weight, medication adherence, or liver and kidney
functions of the patient, ruling out alternative explanations for the carnitine deficiency. Oral
semaglutide improves its absorption in the gastrointestinal tract by preventing enzymatic
degradation in the stomach, a process facilitated by SNAC, which increases the local pH of
the stomach [29]. SNAC, containing a fatty acid moiety, is rapidly absorbed in the stomach
and excreted. In this study, the SNAC—carnitine complex was detected in urine, suggesting
that stomach-absorbed SNAC undergoes conversion by acyl-CoA synthetase into a CoA
ester of salcaprozate before excretion. The estimated quantity of SNAC entering systemic
circulation aligned with the observed reduction in plasma carnitine levels, considering
that the oral bioavailability of SNAC in monkeys has been reported to be approximately
15% [26]. However, the serum or plasma did not detect the SNAC—carnitine complex
peak. Previous studies have shown the rapid absorption and elimination of semaglutide-
contained SNAC, characterized by a short residence time after administration [29,33]. The
absence of the SNAC—carnitine complex in the blood could be attributed to its high clear-
ance rate, suggesting that it is excreted before blood collection. To further substantiate the
relationship between SNAC and carnitine deficiency and clarify the clinical significance of
the SNAC—carnitine complex from a different perspective, comprehensive data on carni-
tine profiles should be collected from larger and more diverse populations treated with
SNAC-containing medications.

Healthcare providers should exercise vigilance regarding carnitine deficiency when
administering SNAC-containing drugs to at-risk patients. Secondary carnitine deficiency
caused by pivalate-containing medications occurs most commonly in 1-year-old infants be-
cause of their low biosynthesis, limited muscle volume, and unstable intake; however, older
individuals with underlying medical conditions can also develop this condition [15,16]. For
instance, individuals with type 2 diabetes, particularly those with diabetic complications,
face an increased likelihood of carnitine deficiency and may develop additional risk factors,
such as hemodialysis-requiring renal failure and nonalcoholic fatty liver disease, further
exacerbating the condition [34-36]. Similarly, organic acidemias and FAODs may contribute
to carnitine deficiency by lowering the renal threshold for carnitine and increasing renal
carnitine excretion. As more individuals with inherited metabolic disorders survive into
adulthood, the prevalence of adult-onset complications, such as diabetes, is expected to
increase [37]. This trend suggests the potential emergence of previously unrecognized
drug-related side effects, as observed in this case. In addition to SNAC, medium-chain
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fatty acids such as sodium caprylate and sodium caprate are utilized as permeation en-
hancers [38]. Given their structural similarity to SNAC, agents containing these substances
could potentially also induce carnitine deficiency. Therefore, blood carnitine levels should
be monitored following medication administration or changes in individuals at risk for
carnitine deficiency, regardless of whether symptoms are present. No previous studies have
linked oral semaglutide to carnitine deficiency induced by the use of oral semaglutide [30].
In this case, the diagnosis of carnitine deficiency was facilitated by the MADD condition
of the patient and routine acylcarnitine profile measurements. In contrast, in individuals
with diabetes experiencing hypoglycemia, medication side effects are often suspected first,
potentially reducing opportunities to check blood carnitine levels. Quantitative analysis of
carnitine and the SNAC—carnitine complex in the urine and blood of individuals adminis-
tered SNAC-containing medications could provide insights into several aspects, such as the
duration and dosage of SNAC-containing agents required to induce carnitine deficiency, as
well as the characteristics of individuals susceptible to this condition.

This study has some limitations. First, this result was based on data from only a single
case experienced at our institute. Second, we did not conduct a quantitative analysis of
free carnitine or the SNAC—carnitine complex in the urine. Simultaneous and longitudinal
quantification of these compounds would help to support the complex formation that
induces carnitine deficiency. Specifically, such an analysis could clarify the extent of
carnitine loss through renal excretion, thereby allowing for the assessment of the potential
clinical significance and risk of carnitine deficiency in a practical and clinically relevant
manner. In addition, conducting such studies in a more diverse population receiving oral
semaglutide—with stratification by renal function and assessment of carnitine deficiency
risk across different renal function levels—would further strengthen the evidence for the
association between SNAC and carnitine deficiency.

4. Materials and Methods

Plasma, serum, and urine samples were collected during oral and subcutaneous
semaglutide administration. Carnitine and SNAC were purchased from FUJIFILM Wako
Pure Chemical Corporation (359-44361, Osaka, Japan) and Targetmol (18926, Boston, MA,
USA), respectively.

Samples (10 uL), carnitine (10 puL, 100 umol/L), and SNAC (10 pL, 100 pmol/L)
were added to the internal standard solution (10 puL) and acetonitrile (70 uL), and then
centrifuged at 15,000 g for 5 min. The 90 pL of the supernatant was transferred to another
tube, evaporated at 40 °C for 35 min, and dissolved in 20 pL of 50% methanol.

A hybrid quadrupole time-of-flight tandem mass spectrometer (TripleTOF 5600; SCIEX,
Framingham, MA, USA) was used in conjunction with an ultrahigh-performance liquid chro-
matograph (Nexera; Shimadzu, Kyoto, Japan). A capcell pak ADME column (50 mm x 2.1 mm
i.d., 2 um) was used, with the temperature maintained at 40 °C. Measurements were conducted
in the positive ion mode. Mobile phases consisted of (A) formic acid/water (0.1:100, v/v) and
(B) formic acid/acetonitrile (0.1:100, v/v). The flow rate was 0.3 mL/min, with an injection
volume of 5 pl.

Mean carnitine levels during semaglutide injection and oral semaglutide administra-
tion periods were compared using the Mann—-Whitney U test. The data were analyzed
with GraphPad Prism 10.0.2 (Dotmatics, Boston, MA, USA), and statistical significance was
defined as p < 0.05.
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5. Conclusions

In conclusion, this case highlights the potential for secondary carnitine deficiency
caused by SNAC-containing agents in individuals at risk. A thorough investigation, con-
sidering the medical history of the individual and the excipients of the administered drug,
explained the underlying causes of atypical or seemingly incomprehensible symptoms.
Further research is required to establish the association and consequences between SNAC
and carnitine deficiency by collecting and analyzing comprehensive data across diverse
populations. Pharmaceutical excipients should be given attention for their potential to
induce unexpected metabolic effects.
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Abstract: Neuropathic pain (NeP) is a complex and debilitating condition that impacts millions of
people globally. Although various treatment options exist, their effectiveness is often limited, and
they can be accompanied by significant side effects. In recent years, there has been increasing interest
in targeting the N-methyl-D-aspartate receptor (NMDAR) as a potential therapeutic approach to
alleviate different types of neuropathic pain. This narrative review aims to provide a comprehensive
examination of NMDAR antagonists, specifically ketamine, memantine, methadone, amantadine,
carbamazepine, valproic acid, phenytoin, dextromethorphan, riluzole, and levorphanol, in the
management of NeP. By analyzing and summarizing current preclinical and clinical studies, this
review seeks to evaluate the efficacy of these pharmacologic agents in providing adequate relief
for NeP.

Keywords: neuropathic pain; NMDA receptor antagonist; ketamine; memantine; methadone

1. Introduction

Neuropathic pain (NeP) is “pain arising as a direct consequence of a lesion or disease of
the somatosensory system” and is characterized by a paradoxical association with sensory
loss [1]. NeP can be caused by traumatic nerve, spinal cord, or brain injury (including
stroke) or may be linked to various conditions like diabetes, infection, multiple sclerosis [2],
or cancer, as well as the harmful impact of chemotherapy drugs [34].

A systematic review of prevalence studies based on the general population determined
that the prevalence of pain with neuropathic characteristics falls within the range of 7% to
10% [5]. Furthermore, recent research indicated that the age-standardized prevalence of
chronic polyneuropathy is 3.3% for the European Union, 3.0% for the United States, and
2.3% for the global population and is projected to rise by approximately 25% over the next
20 years, taking into account anticipated age distribution [6].

Effective treatment of NeP presents significant challenges and is associated with sig-
nificant decreases in quality of life, along with a substantial economic burden [7]. Patients
suffering from chronic NeP typically experience poorer physical and mental health in
comparison to those with other forms of chronic pain, even after adjusting the pain inten-
sity [8-10]. The link to diminished physical and mental health implies that the quality of life
is negatively impacted by the nature rather than just the intensity of NeP, highlighting the
need for a comprehensive treatment approach [11]. Managing NeP can be challenging and
often involves a trial-and-error process [12]. Conventional analgesics may not effectively
relieve pain for NeP patients [13,14]. In a survey, NeP patients were more likely to use
opioids and multiple pain medications but reported less pain relief [15]. However, it has
been shown that adjunctive therapy with cannabidiol may have therapeutic potential in
neuropathic pain [16]. First-line therapies for NeP, like tricyclic antidepressants, selective
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inhibitors of serotonin and norepinephrine reuptake, and gabapentinoids, require careful
dosing due to potential side effects, particularly in elderly patients [17,18].

Nevertheless, in recent years there has been growing interest in antagonists targeting
the presynaptic N-methyl-D-aspartate receptor (NMDAR) to alleviate pain from vari-
ous types of NeP. The NMDAR is the most complex glutamatergic receptor, and its hy-
per/hypofunction leads to the development of various neurological disorders [19]. It is a
ligand-dependent receptor, widely distributed in the brain and spinal cord, especially in the
hippocampus and cerebral cortex, whose activation depends on the levels of glutamate and
glycine. However, this ionic channel is the only one that allows the conduction of calcium
(Ca?*), sodium (Na*), and potassium (K*) [20]. Research indicates that the NMDAR within
the dorsal horn is significant in both inflammation and central sensitization induced by
nerve injury [21]. Activation of the NMDAR leads to disruptions in the sensory system,
both peripheral and central, causing neuronal excitation and abnormal pain symptoms
such as spontaneous pain, allodynia, and hyperalgesia [22,23]. While central NMDARs,
particularly those in the spinal cord, remain a focus of study, growing evidence indicates
that NMDARSs in peripheral tissues and visceral pain pathways also contribute significantly
to nociception. This suggests that, in chronic pain conditions, NMDAR activation occurs
at various levels of the neural axis, making each level a potential target for therapeutic
intervention [23].

Primary afferent neurons in the spinal dorsal horn release various neurotransmitters,
including glutamate, IL-1§3 (interleukin 1), ATP (adenosine triphosphate), TNF-o (tumor
necrosis factor ), and NGF (nerve growth factor). Glutamate and IL-1f3 activate NMDAR
on secondary neurons, causing Ca?* influx and activating AMPARSs (a-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid receptors), which reduces GABA (gamma-aminobutyric
acid) release from inhibitory interneurons. ATP activates the P2Y4 receptor on secondary
neurons, further stimulating NMDAR and leading to the activation of the JNK (c-Jun
N-terminal kinase), P38, and MAPK (mitogen-activated protein kinase) pathways. These
processes contribute to central sensitization and synaptic remodeling [24]. NeP resulting
from nerve injury involves increased glutamate release from primary afferent terminals,
activating AMPA and mGIuR5 (metabotropic glutamate receptor 5) receptors in the spinal
cord [25-27]. Glutamate interacts with postsynaptic receptors for excitatory neurotransmis-
sion, while NMDARSs can enhance the release of neurotransmitters like substance P in the
spinal dorsal horn [28]. Presynaptic NMDARs may boost glutamate release, and p-opioid
receptor stimulation initiates long-term potentiation in pain pathways [29]. Heightened
activation of glutamate receptors contributes to the amplification of excitatory synaptic sig-
naling in chronic pain’s nociceptive pathways. Excessive activation of glutamate receptors
in spinal dorsal horn neurons is primarily caused by increased glutamate release from pri-
mary afferent terminals within the spinal dorsal horn, enhanced numbers and functionality
of glutamate receptors, and impaired clearance of glutamate [30-33]. In normal conditions,
the NMDAR is blocked by Mg?* and is only activated briefly [34]. However, in abnormal
situations, the removal of Mg?* leads to overactivation of the receptor, causing excessive
Ca?* influx and potentially triggering cell death processes like apoptosis or necrosis [35].
Moreover, in NeP, NMDARs are involved in a process called “wind-up”, where repeated
stimulation of pain signals leads to an increased response to pain. This phenomenon
can result in chronic pain conditions where even non-painful stimuli are perceived as
painful [36,37].

Considering these, the main objective of this narrative review is to comprehensively
examine the use of the following NMDAR antagonists in managing NeP: ketamine, meman-
tine, methadone, amantadine, carbamazepine, valproic acid, phenytoin, dextromethorphan,
riluzole, and levorphanol (Table 1). This review aims to analyze and summarize the cur-
rent literature, including preclinical and clinical studies, and to evaluate whether specific
pharmacologic agents provide adequate relief for NeP, as there is no such review to date.
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Table 1. NMDAR antagonists included in this review and their molecular formulas.

Drug Molecular Formula
Amantadine CioH17N
Carbamazepine Ci5H1oN,O

Dextromethorphan C18Ho5NO
Ketamine C13H14CINO
Levorphanol Ci7H3NO
Memantine CipHyN
Methadone Cy1Hy7NO
Phenytoin C15H1oN-O»
Riluzole CgH;oFN30S
Valproic acid CgH160,

2. Scope

This narrative review analyzes a combined total of 50 preclinical and 52 clinical studies.
The findings from these studies are condensed and presented in the following tables in
Section 3, arranged in chronological order. Among the NMDAR antagonists investigated in
this study, ketamine emerges as the most studied for treating NeP, with 24 studies dedicated
to its examination. Conversely, evidence for the efficacy of amantadine and levorphanol is
notably scarce.

It should be noted that, in the preclinical studies, the most commonly assessed param-
eters were mechanical hypersensitivity and hypersensitivity to a hot stimulus. A variety
of animal models were used to evaluate the benefits of NMDAR antagonists, including
chronic constriction injury (CCI), streptozotocin (STZ)-induced diabetic neuropathy (DN),
chemotherapy-induced polyneuropathy (CIPN), spinal cord injury (SCI), and spinal nerve
ligation (SNL).

In clinical studies, pain severity was the primary outcome investigated in many of the
studies, with the Numeric Rating Scale (NRS) and the Visual Analog Scale (VAS) being
the most commonly used pain scales. However, other parameters were also investigated,
such as the frequency of pain attacks, paresthesia, allodynia, walking ability, quality of
life, depression, and anxiety. The results from clinical studies are based on various types
of NeP conditions, including DN, post-herpetic neuralgia (PHN), trigeminal neuralgia
(TN), cancer-related neuropathic pain (CRNP), radiculopathy, CIPN, and chronic idiopathic
axonal polyneuropathy (CIAP).

3. Discussions

Since the late 1980s, it has been recognized that NMDAR antagonists can reduce
neuronal hyperexcitability and alleviate pain. Various NMDAR antagonists have been
studied in both preclinical and clinical pain research [38]. Despite numerous studies, there
remains no consensus on the effectiveness of NMDAR antagonists for NeP, prompting
the need for the current narrative review. This section explores the benefits of NMDAR
antagonists for NeP treatment based on the analysis of preclinical and clinical studies
included in this review.

3.1. Ketamine

Ketamine binds non-competitively to NMDARs at the phencyclidine site, affecting
receptors through allosteric mechanisms [39]. It equally binds NMDARs subtypes 2A
to 2D and surpasses the normal capacity of NMDAR magnesium-dependent gating [40].
Ketamine is rapidly absorbed, with high bioavailability (around 93%), but only 17% is
absorbed after first-pass metabolism. It undergoes hepatic metabolism, with norketamine as
a major metabolite [39]. Most of the administered dose is recovered in urine as metabolites.
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Ketamine can also be eliminated through bile and feces [41]. Side effects include apnea,
sedation, increased salivary secretions, hallucinations, dizziness, and drowsiness [39,42].

Ketamine, as a potent NMDAR antagonist, effectively blocks the receptor and reduces
the neuronal hyperexcitability associated with NeP [43]. Moreover, research shows that
ketamine levels in the brain are linked to pain relief in ischemic pain [44]. Additionally,
studies suggest that ketamine decreases connectivity in brain regions involved in pain
perception and emotional processing [45]. Ketamine is likely the most extensively studied
NMDAR antagonist for treating NeP, resulting in the inclusion of the highest number
of studies among all NMDAR antagonists in our review. We analyzed over 24 studies
that examined the use of ketamine in treating NeP, including 13 preclinical studies and
11 clinical studies (Table 2).

Of the preclinical studies analyzed, 10 out of 13 indicated that ketamine has a positive
effect in reducing pain sensitivity associated with NeP. In contrast, Salvat et al. showed
that, in a CCI model of neuropathy in mice, ketamine at a dose of 15 mg/kg was effective
as a treatment solely during the early postsurgical period [46]. In addition, the studies
conducted by Kroin et al. [47] and Humo et al. [48] indicated that the effect of ketamine on
NeP is not long-lasting. On the other hand, two studies showcased the anti-inflammatory
potential of ketamine by effectively reducing the levels of pro-inflammatory cytokines like
TNF-«, IL-6 (interleukin 6), and IL-1(3 [49,50]. Furthermore, Tai et al. [49] emphasized that
enhancing the cage setup with additional space and varied objects for physical activity
improved the effectiveness of ketamine in reducing pain sensitivity and promoted tissue
integrity and locomotion by targeting the glutamatergic system.

Clinical studies support the results of preclinical research, with 8 out of 11 studies
indicating the benefits of ketamine in reducing NeP. Over half of the studies (six studies)
utilized intravenous (i.v.) administration, yielding contrasting results. Therefore, three
studies documented that ketamine effectively relieved pain [51-53], whereas one study
indicated that only half of the patients experienced pain reduction 1 month after treat-
ment [54]. On the other hand, two studies reported no notable pain reduction after i.v.
treatment with ketamine [55,56]. When given orally, ketamine showed clinically effective
outcomes in two studies [57,58]. However, a study conducted by Fallon et al., which was
the largest study involving 214 patients with CIPN, demonstrated poor results [59]. In other
studies, topical administration [60] and subcutaneous (s.c.) infusion [61] of ketamine were
also examined, showing positive results. Crucially, the effects of ketamine varied across
different types of NeP, ranging from SCI to dentoalveolar NeP and CRNP. Rabi et al. [60]
examined the impact of 10% topical ketamine on five patients with NeP due to SCI over
a 2-week treatment period. They found that all patients experienced a decrease in their
pain levels, as shown in the NPS. Moreno-Hay et al. [53] reported a case involving a patient
with dentoalveolar NeP who underwent five regimens of ketamine infusion over 5 years.
The patient’s NeP symptoms were effectively managed, leading to the discontinuation of
prior methadone treatment. Provido-Aljibe et al. [61] investigated 41 patients with CRNP,
highlighting the positive effects of ketamine on alleviating neuropathic pain. Ketamine was
administered at doses ranging from 75 to 475 mg via s.c. infusion, and the pain intensity
was assessed using the NPS (Numerical Pain Score). Finally, Martin et al. [58] examined
the advantages of incorporating either memantine or dextromethorphan into the treatment
regimen of i.v. ketamine for 60 patients with refractory NeP. Dextromethorphan, but not
memantine, was observed to extend the pain relief provided by ketamine by up to 1 month,
as indicated by VAS and Neuropathic Pain Symptom Inventory (NPSI) ratings.
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Table 2. Preclinical and clinical studies that evaluated the effect of ketamine on NeP.

Ketamine

Preclinical Studies

First . .
Author/Reference Animals Animal Model Dosage Route/Frequency Results
M’Dahoma et al. . . . s
(2015) Male Sprague— cCI 50 mg/kg bw o ip Alleviated Itnechamcal hypersensitivity
162] Dawley rats single dose in von Frey test.
Mak et al. . . Demonstrated antinociceptive action in
(2015) Male;:t\;lstar STZ—]l;\lsIuced 20 mg/kg bw 5-da Si-r(lzf-usion radiant heat plantar test and tail-flick
[63] y test that lasted for 4 weeks.
0.5 mg/kg effectively reversed
Claudino et al. . . heat-induced hypersensitivity in the
(2018) Male ‘i\hstar CION 0.5-1 mg/kg bw 1intri1 n;calsal radiant heat test, while 1 mg/kg was
[64] rars smgle dose found to alleviate mechanical
hypersensitivity in the von Frey test.
Doncheva et al. . . . [P
Male Wistar ip. Alleviated hypersensitivity in both
(2[2;18) rats ccl 50 mg/kgbw single dose hot-plate test and analgesia-meter test.
Pan et al. Male Sprague— 10 mg/kg ip. Reversed mechanical hypersensitivity in
(2018) Dawl SNI inol h
6] awley rats bw single dose the von Frey test.
Salvat et al. ; Provided analgesic effects only in the
(2[21?) Male 6] mice CcI 15 mg/kg bw 10 él%ys initial stages a}ﬁter surgery in the von
6 rey test.
Fang et al. . . .
Male Sprague— ip. Successfully alleviated the mechanical
(2[2;]9) Dawley rats SNI 10 mg/kgbw single dose sensitivity in the von Frey test.
Kroin et al. Female D1 10 mg/kg ip. Did not produce long-lasting analgesia
(2019) . SNI inol .
[47] mice Bw single dose in von Frey test.
Humoetal Ml b e emporn et rom
(Z[Zg?) Cﬁ?cLe/6 el 15:mg/kgbw single dose stimuli in the von Frey test, with effects
lasting less than 24 h.
In combination with environmental
enrichment, improved the alleviation of
Tai et al im. pain in both von Frey test and plantar
: Male Sprague— for 10 days, test, supported tissue health and
(2[2511 ) Dawley rats SCI 30mg/kg bw starting from mobility; reduced activation of MAPK
day 8 after SCI family, NF-«B, and IL-1f3 signaling,
while the levels of excitatory amino acid
transporter 2 were restored.
Kim et al 5 weel:sp.with 2 The higher dose resulted in a significant
' Male Wistar ! increase in the mechanical withdrawal
(2022) PSNL 5-10 mg/kg bw weeks pause .
[68] rats after the first 4 threshold during the von Frey test,
weeks which lasted for over 2 weeks.
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Table 2. Cont.

Ketamine

Preclinical Studies

First . .
Author/Reference Animals Animal Model Dosage Route/Frequency Results
Seo et al ; Improved symptoms of NeP in the von
(2023) ’ Male Sprague— SNI 50 me /ke bw in the 15 18 21 Frey test and dry ice test, suppressed the
Dawley rats 8/ %8 o presence of NMDA receptors and ATF-6
[69] day after SNI . .
expression during ER stress.
Efficiently alleviated mechanical and
Han et al thermal hyperalgesia in von Frey and
?2053)3 ’ Male Sprague— CCI 5-15 mg,/ke bw ip. radiant heat tests; decreased TNF-«,
[50] Dawley rats 8/X8 14 days IL-6, IL-1B levels and p62 expression;
upregulated C3II/LC3I and Beclinl
expression.
Clinical Studies
First .
Author/Reference Population Type of NeP Dosage Route/Frequency Results
Ketamine
Kt%f;)a L N =30 Severe NeP 1mg {)l;g bw iv. Out of 15 patients, 10 recorded pain
51] - Magnesium sulfate 30 for 1h reduction according to VAS score.
mg/kg bw
Rabi et al. SCI patients topical After the 2-week period, all five
= . o cream X3 times/da articipants experienced a reduction in
(2016) N=5 it NeP 10% 3times/day  particip perienced a reduction i
[60] 2 weeks their pain levels as indicated in the NPS.
Ketamine 30 mg
or
Me;h;done Only the group treated with ketamine
Rigo et al. Refractory org orally alone
(2017) N=42 hronic NeP Methadon. 90 d demonstrated a noticeable pain
[57] chrome e e3 21 one ays reduction according to VAS and also an
+ & alleviation of allodynia.
Ketamine
30 mg
Fallon et al Showed no significant difference in pain
’ _ orally reduction according to Sensory
(2[;);;3) N =214 CIPN 40-400 mg 16 days Component of the Short Form
McGill Pain Questionnaire.
0.25 mg/kg bw
preoperatively, 0.25
mg/kg bw The low-dose infusion administered
. intraoperatively, during the perioperative period did not
Czarr(12e(t)§1§; etal N = 160 NeP after back 0.1 mg/kg bw from 1 h iv show any impact on the occurrence of
[55] a surgery before the end of o

surgery and continuing
until the patient’s
discharge from the
recovery room.

neuropathic lower back pain 6 or 12
months after surgery, according to the
DN4 questionnaire.
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Table 2. Cont.

Clinical Studies

First .
Author/Reference Population Type of NeP Dosage Route/Frequency Results
. After 1 month post-treatment, about
Bosma et al. v 50% of patients experienced pain
(2018) N =30 Refractory NeP 0.5-2 mg/kg bw 6 h/day 0o P b ec pal
reduction according to Brief Pain
[54] 5 days I . .
nventory questionnaire.
Demonstrated fast-acting pain-relieving
Weber et al. Bilateral iv effects, with 70% reduction of pain,
(2018) N=1 neuropathic 7 ug/kg/min 5 d : according to rating scale of burning
[52] leg pain ays quality, that persisted for a duration of 5
months after the initial administration.
Moreno-Hay et al. Dentoalveolar iv. The patient’s NeP symptoms were
(2018) N=1 N 20-50 mg 5 infusions efficiently treated, and methadone was
eP
[53] over 4 years eventually stopped.
Ketamine i (mfosion, 2
0.4-0.5 mg/kg bw, o h) !
. FOLLOWED BY Dextromethorphan, not memantine,
Martin et al. Dextromethorphan ) .
Dextromethorphan was found to prolong the pain-relieving
(2019) N =60 Refractory NeP orally, 12 p ¢ ine F h
58] 90 mg weeks effects of ketamine for up to 1 month,
or . according to VAS and NPSL
. Memantine
Memantine
20m orally, 12
& weeks
Ketamine At 35 days after infusion, ketamine did
0.5 mg/kg bw .
- not provide
Pickering et al. . One infusion pain relief according to four-item
Refractory Ketamine s . .
(2020) N =20 chronic NeP 0.5 me /ke bw every 35 days Neuropathic Pain Questionnaire; when
[56] : g+ g for 3 times combined with magnesium, the
Maenesium sulfate analgesic effects were not further
& enhanced.
38
Provido-Aljibe et al. - .
(2022) N =41 CRNP 75-475 mg s.C. Efficiently decrgased the pain levels,
[61] 5 days according to NPS.

ATF-6—activating transcription factor-6; bw—body weight; CCI—chronic constriction injury; CION—constriction
of intraorbital nerve; CIPN—chemotherapy-induced polyneuropathy; CRNP—cancer-related neuropathic
pain; DN—diabetic neuropathy; DN4—Douleur Neuropathique en 4 Questions; ER—endoplasmic reticu-
lum; i.p.—intraperitoneally; IL-1B3—interleukin 13; IL-6—interleukin 6; i.m.—intramuscular; i.v.—intravenous;
MAPK—mitogen activated protein kinase; NF-xB—nuclear factor «B; NMDA-—N-methyl-D-aspartate;
NPS—numerical pain score; NPSI—Neuropathic Pain Symptom Inventory;; PSNL—partial sciatic nerve ligation;
s.c.—subcutaneous; SCl—spinal cord injury; SNI—spared nerve injury; STZ—streptozotocin; TNF-x—tumor
necrosis factor «; VAS—Visual Analog Scale.

3.2. Dextromethorphan

Dextromethorphan acts as a low-affinity uncompetitive NMDAR antagonist, a sigma-1
receptor agonist, and an antagonist of «3/ 34 nicotinic receptors [70-72]. It has also been
shown to decrease K*-stimulated glutamate release, possibly through sigma receptor-
related mechanisms [73,74]. Additional functions of dextromethorphan appear to involve
mild inhibition of serotonin reuptake through suggested high-affinity binding to the sero-
tonin transporter [75]. The bioavailability of dextromethorphan is both poor and incon-
sistent. This is due to its rapid first-pass metabolism and subsequent elimination [76].
Dextromethorphan is mainly metabolized into dextrorphan and has a half-life ranging
from 3 to 30 h, and potential side effects may include confusion, agitation, memory loss,
hallucinations, dysarthria, and ataxia [72,76-78].

The initial discovery of dextromethorphan’s neuroprotective properties was made by
Choi et al., who showed that the drug reduced glutamate-induced neurotoxicity in neocorti-
cal cell cultures [79]. The predominant mechanism underlying the neuroprotective potency
is believed to be antagonism of the NMDA receptor/channel complex [80]. Moreover, in
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in vitro studies, both dextromethorphan and its primary metabolite, dextrorphan, have
been shown to block the NMDAR in the central nervous system (CNS) and spinal regions.
This action leads to the suppression of NMDA-induced convulsions and the reduction
of hypoglycemic neuronal damage, with dextrorphan exhibiting a greater affinity for the
NMDAR than dextromethorphan [81-83]. Among the four preclinical studies analyzed
in this review (Table 3), the findings suggest a favorable outlook for the utilization of
dextromethorphan in NeP. Thus, Zbéarcea et al. [84] and Fahmi et al. [85] demonstrated the
efficacy of dextromethorphan in reversing tactile allodynia when administered orally at
a dose of 20 mg/kg and thermal hyperalgesia when administered intrathecally at a dose
of 10 nmol. On the other hand, the research findings by Yang et al. [86] emphasized that
the antiallodynic effect of dextromethorphan was enhanced when administered alongside
oxycodone in mice with SNL. In addition, Shi et al. [87] evaluated the potency of dex-
tromethorphan administered alone and in combination with gapabentin in two different
models of NeP (photochemically-induced ischemic SCI and SNI (spared nerve injury)).
The results indicated that dextromethorphan alone did not provide any pain relief. In
contrast, the combination of dextromethorphan and gabapentin led to complete alleviation
of allodynia.

Table 3. Preclinical and clinical studies that evaluated the effect of dextromethorphan on NeP.

Dextromethorphan

Preclinical Studies

First

Author/Reference Animals Animal Model Dosage Route/Frequency Results

Dextromethorphan
10, 20 mg/kg bw,

or Dextromethorphan

Oxycodone ip Dextromethorphan alone did not
1,3, 5 mg/kg bw, T demonstrate any notable long-term impacts.
. or ministered in combination wit
Yang efsaél]. (2015) Male IEEJBL/ 6] SNL 0)1(4 d;?iysn Admini di binati ith
ce Dextromethorphan Y(S:OC one oxycodone, dextromethorphan enhanced
10 mgi kg bw 14 c.ia'ys its antiallodynic effect in von Frey test.
Oxycodone
1,3 mg/kg bw,
Dextromethorphan
5-20 mg/kg bw
Photochemically- Gaba(;ren tin Dextromethorphan alone did not produce
Shi et al. Male and female induced ischemic 7.5-30 mg/kg bw any pain relief in von Frey test.and ethyl
. chloride cold test. In comparison, the
(2018) Sprague-Dawley SCI or P dextromethorphan—gabapentin
[87] rats and Dextromethorphan binati 1 p di & F lief of
SNI 5-10 mg/kg bw combination resu te in comp ete relief o
S allodynia, even in lower doses.
Gabapentin
7.5-30 mg/kg bw
Zbarcea et al. ST . - .
. Vincristine-induced orally Reversed tactile allodynia in Dynamic
e ays antar Aesthesiometer test.
(Z[g}l?) Male Wistar rats NeP 20 mg/kg bw 7 day, ) Aesthesi
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Table 3. Cont.

Dextromethorphan

Preclinical Studies

First

Author/Reference Animals Animal Model Dosage Route/Frequency Results
Fahmi et al. intrathecally . -
(2021) Male mice PSNL 10 nmol from day 8 to 14 Aslizﬁ‘g:f:t}:’:fﬁz;ﬁzg?f;fz;ln
[85] after PSNL ’
Clinical Studies
First Population Type of NeP Dosage Route/Frequenc Results
Author/Reference P yp 8 quency
Freeze-injury- orall . . .
Martin ot al. induc e] d y initially, at 5)’ h, 10 h, Demonstrated antlhyperalgesm effects in
(2019) N =20 hyperalgesia model 30 mg 14 h and once on i humfanls), r(;versmg}i land
[88] in healthy day 1 after inducing sensitization in both peripheral an
central neurons.

volunteers the pain model

bw—Dbody weight; i.p.—intraperitoneally; PSNL—partial sciatic nerve ligation; s.c—subcutaneous; SCI—spinal
cord injury; SNI—spared nerve injury; SNL—spinal nerve ligation.

The findings from clinical trials are limited, as only 1 study has explored the antihy-
peralgesic effects of dextromethorphan in humans (Table 2). Martin et al. [88] investigated
the action of the NMDAR antagonist in a freeze-injury-induced hyperalgesia model in
healthy volunteers and demonstrated that it reversed sensitization in both peripheral and
central neurons.

3.3. Memantine

Memantine functions as an NMDAR antagonist with low to moderate affinity, pro-
nounced voltage dependency, and fast blocking and unblocking kinetics [89-91]. Addi-
tionally, it also acts as an antagonist at the serotonergic type 3 receptors and nicotinic
acetylcholine receptors [45]. Memantine is effectively absorbed after oral administration,
reaching peak concentrations in 3-8 h [90]. It undergoes partial metabolism in the liver, with
the hepatic CYP450 enzyme system playing a minor role. The primary route of excretion is
through urine, with around 48% of the administered dose being excreted unchanged [92].
Agitation, constipation, urinary tract infections, diarrhea, headache, and confusion are the
main side effects [93,94].

Animal studies indicate that memantine may serve as a promising alternative for
treating NeP, as all five reviewed studies demonstrated positive outcomes (Table 4). A
study conducted by Ciotu et al. investigated the effect of memantine in an animal model
of paclitaxel-induced NeP and showed that the NMDAR antagonist effectively reversed
mechanical sensitivity in a dose-dependent manner [95]. Alomar et al. [96] administered a
10 mg/kg dose of memantine to mice with DN, showing that the drug not only effectively
reduced thermal and mechanical hypersensitivity but also had the potential to decrease the
release of proinflammatory cytokines TNF-oc and IL-1p in the spinal cord. The findings of
this study are consistent with those of the study carried out by Solmaz et al., which demon-
strated the neuroprotective and antioxidant effects of memantine by significantly reducing
TNEF-oc and MDA (malondialdehyde) levels in an animal model of NeP in rats [97]. On the
other hand, 10 mg of oral memantine exhibited full neurobehavioral protection against
the progression of neuropathy caused by cisplatin [98]. Additionally, preadministration
of memantine intrathecally effectively prevented the onset of allodynia and decreased the
overactivation of microglia in the spinal dorsal horn induced by SNI [99].
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Table 4. Preclinical and clinical studies that evaluated the effect of memantine on NeP.

Memantine

Preclinical Studies

Authorljgzzerence Animals Animal Model Dosage Route/Frequency Results
Solmaz et al. Male ip. RS
. Significantly reduced TNF-« and MDA
(2[8;]5) Spragurea—tSDawley cip 15-30 mg/kg bw a dmis;?sgtlrea tion levels and CMAP distal latency.
Ciotu et al. Paclitaxel-induced rall The sensitivity thresholds returned to
(2016) Male Wistar rats acita I\eI P uee 10-30 mg/kg bw 22 ; Y normal levels in Dynamic Plantar
[95] € ays Aesthesiometer test.
Preadministration of the higher dose
successfully blocked the development of
Chen et al. . allodynia in von Frey and paint brush test;
(2019) Male C$7BL/ 6] SNI 10-30 nmol 1rt1Jtrfa the;?\%y 10 nmol of memantine exhibited a notable
[99] niee etore impact on reducing the excessive activation
of microglia in the spinal dorsal horn
caused by SNIL
The higher dose showed greater efficacy in
Salih et al protecting against neuropathy,
’ . Cisplatin-induced . orally demonstrating full neurobehavioral
(2[85]0 ) Male BALB/c mice NeP 5-10 mg/kg bw 30 days protection according to open field activity,
negative geotaxis, hole-board, and
swimming tests.
N ' Reduc;d pain sy?pitri)}r:?s_ip hot—plate_ and
omar et al. . s . von Frey tests by ibiting excessive
(2021) Male szz albino Anoxagl‘é‘d“ced 10 mg/kg bw S‘z;aegis activation of NMDARI receptors, lowering
[96] glutamate levels, and decreasing the release
of TNF-o and IL-13 in the spinal cord.
Clinical Studies
First .
Author/Reference Population Type of NeP Dosage Route/Frequency Results
A total of 13 individuals experienced full
recovery, reporting a pain score of 0 on the
Ahmad-Sabry et al. 5-10 mg increased every VAS and the absence of allodynia for a
(2015) N =56 CRPS 4-7 days to a max. of orally minimum of 9 months; 18 patients
[100] 40-60 g displayed significant progress in reducing
their VAS scores and managing
allodynia symptoms.
Mastectomy- orall At 3 months, patients exhibited a notable
Morel et al. associated N);P 4 weeks st;,rtin 5 decrease in post-mastectomy pain intensity,
(2016) N =40 and 520 mg weeks beforeg as shown by the NRS. Moreover, in the
[101] CIPN mastectom group that received memantine, the
Y symptoms of CIPN were greatly reduced.
aseb et al. emantine 5-10 m; e combination resulted in a decrease in
Shaseb et al M ine 5-10 mg call The binati Ited in a d i
(2023) N=16 PHN + S?Naee{s the intensity of PHN symptoms, according
[102] Gabapentin 300 mg to the DN4 questionnaire.
Memantine 5 mg
1 week
Followed by The average DN4 questionnaire score in the
afarzadeh et al. emantine 10 m, memantine group was significantly lower,
farzadeh et al M ine 10 mg ine group ignificantly I
(2023) N =143 DN + orally and the number of patients with DN in this
[103] Gabapentin 300 mg group notably decreased by the end of
or the study.
Gabapentin 300 mg
8 weeks

bw—body weight; CIP—clinical illness polyneuropathy; CIPN—chemotherapy-induced polyneuropathy;
CMAP—compound muscle action potentials; CRPS—complex regional pain syndrome; DN—diabetic neu-
ropathy; DN4—Douleur Neuropathique 4 Questionnaire; i.p.—intraperitoneally; IL-1B3—interleukin-1 beta;
MDA—malondialdehyde; NMDAR1—N-methyl-D-aspartate type 1 receptor; NRS—numeric rating scale; PHN—
post-herpetic neuralgia; SNI—spared nerve injury; TNF-a—tumor necrosis factor-; VAS—Visual Analog Scale.

Clinical studies support the results of animal research, as all four studies analyzed
in this review demonstrate the benefits of treating NeP with memantine, administered
alone or in combination (Table 3). In a retrospective study conducted by Ahmad-Sabry
et al. [100], the impact of memantine on 56 patients with CRPS (complex regional pain
syndrome) was examined. The study revealed that 13 individuals achieved complete
recovery, reporting a pain score of zero on the VAS scale and the absence of allodynia for at
least 9 months. Additionally, 18 patients demonstrated significant improvement in reducing
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their VAS scores and managing symptoms of allodynia. Moreover, a randomized, blinded
clinical trial indicates that administering memantine before surgery may help prevent the
development of NeP 3 months post-mastectomy, as evidenced by NRS scores, impairment
of cognition, and quality of life. Additionally, it hints at the potential for memantine to
alleviate dysesthesia and paresthesia caused by chemotherapy [101]. Two studies examined
the use of a combination of memantine and gabapentin in different types of NeP. In one
study, 16 patients with PHN were treated with memantine 5-10 mg and gabapentin 300 mg,
leading to a reduction in the intensity of pain [102]. Another study involved 143 patients
with DN who initially received 5 mg of memantine for 1 week, followed by a combination of
10 mg memantine and 300 mg gabapentin for 8 weeks, resulting in a decrease in the severity
of pain and a lowered number of patients with DN at the end of the study [103]. Both
studies used the DN4 (Douleur Neuropathique 4) questionnaire to assess NeP symptoms.

3.4. Amantadine

Amantadine differs from other channel-blocking molecules by causing NMDAR chan-
nels to close faster [104]. Amantadine prompts NMDARs to adopt closed conformations
after blocking open channels, increasing its affinity despite quick unbinding from open
receptors. Therefore, amantadine primarily acts as a gating antagonist rather than a chan-
nel blocker, accelerating channel closure to stabilize closed states [104,105]. Furthermore,
amantadine seems to induce the release of dopamine from brain cell nerve endings and
inhibits M2 protein, which is found in viral membranes [106,107]. Amantadine is effectively
absorbed through oral administration in the gastrointestinal tract; around 67% of it binds
to plasma proteins, and its primary mode of excretion is through its unchanged form in
the urine [108]. The most common side effects include confusion, hallucinations, tremors,
seizures, nausea, and dizziness [104,109-111].

Although there is limited literature on the use of amantadine for NeP relief, three
preclinical studies and only one clinical trial that were reviewed demonstrated the clinical
benefits of amantadine (Table 5). In a rat model of NeP, amantadine reduced the hyper-
sensitivity threshold and the frequency of hypersensitivity responses in a dose-dependent
manner. Additionally, amantadine treatment decreased LP (lipid peroxidation) levels
while increasing GSH (glutathione) levels in the injured tissue. The study’s data indicated
that the pain-relieving effects of amantadine treatment are influenced by the reduction of
oxidative stress and excitotoxicity linked to the activation of NMDAR [112]. Furthermore,
Dogan et al. showed that amantadine decreased TNF-a expression in inflammatory cells
surrounding the blood vessels in the substantia grisea and alba, as well as MDA and
MPO (myeloperoxidase) levels. Additionally, they observed negative Bax (Bcl-2-associated
X protein) expression in neuron and glial cells and positive VEGF (vascular endothelial
growth factor) expression in the vascular endothelium following amantadine treatment.
These findings suggest that amantadine could improve SCI by promoting angiogenesis,
influencing inflammation and apoptosis, reducing oxidative stress, and modulating signal-
ing pathways [113]. Recently, Drummond et al. [114] explored the therapeutic potential
of amantadine in a rat model of CIPN. The experimental groups received oral amanta-
dine at doses of 2, 5, 12, 25, and 50 mg/kg daily for 14 days. Amantadine significantly
reduced mechanical hyperalgesia in rats treated with 25 and 50 mg/kg, indicating a dose-
dependent effect. Additionally, it demonstrated anti-inflammatory properties by activating
anti-inflammatory cytokines and decreasing the expression of pro-inflammatory cytokines.
Moreover, amantadine exhibited antioxidant effects by enhancing the expression of the
antioxidant enzymes SOD (superoxide dismutase) and CAT (catalase) and by modulating
apoptotic mediators.
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Table 5. Preclinical and clinical studies that evaluated the effect of amantadine on NeP.

Amantadine

Preclinical Studies

First

Author/Reference Animals Animal Model Dosage Route/Frequency Results
Decreased MDA, MPO, and TNF-« levels;
Dogan et al. Male i neuron and glial cell showed negative Bax
(2019) Sprague-Dawley SCI 45 mg/kg bw 7 dlf;) expression, while vascular endothelium
[113] rats y showed positive VEGF expression after
treatment.

Mata-Bermudez Effectively alleviated pain-related behavior

etal. Female Wistar rats SCI 6.25-50 mg/kg bw P in von Frey test; decreased LP and
(2021) 15 days . d GSH levels in the d 4t
[12] increase evels in the damaged tissue.
Higher doses efficiently reduced
mechanical hyperalgesia in digital
Drummond et al. analgesia-meter test in a dose-dependent
(2024) Male Wistar rats CIPN 2 5'[112'/%(5' grv‘vd 50 1Zr§1;ys manner; decreased IL-6, TNF-ct, MIP-1cx,
[114] 8/%8 Yy Perk, Bax, Casp 3, Casp 9, and CX3CR1
expression; increased
Bcl-xl, CAT, SOD, and IL-10 expression.
First .
Author/Reference Population Type of NeP Dosage Route/Frequency Results
Amantadine 200 mg
or There was a substantial increase in the
Azimov et al. Patients with Levodopa 125 mg enhancement of neurostatus dynamics
(2016) N =64 neuropathy of the or orally when treated with the combination than
[115] facial nerve Amantadine 200 mg with monotherapy, according to the scale of
+ House-Brackmann.

Levodopa 125 mg

Bax—Bcl-2-associated X protein; bw—body weight; GSH—glutathione; i.p.—intraperitoneally; LP—peroxidation
levels; MDA—malondialdehyde; MPO—myeloperoxidase; SCI—spinal cord injury; TNF-oc—tumor necrosis
factor o; VEGF—vascular endothelial growth factor.

Azimov et al. [115] conducted a clinical trial examining the impact of amantadine,
levodopa, and an amantadine-levodopa combination on 64 patients with facial nerve
neuropathy. The findings indicated that both drugs had a comparable effect in reducing
nerve dysfunction based on the House-Brackmann scale, with the combination showing
an even greater effect.

3.5. Valproic Acid

Valproic acid’s mechanisms of action are multifaceted, involving inhibition of excita-
tory responses triggered by NMDA both in vivo and in vitro, as well as NMDA-induced
convulsions in vivo, and various other facets of brain glutamatergic activity [116-122].
Moreover, one study demonstrated that valproic acid decreases upregulated NMDA sig-
naling involving arachidonic acid and its metabolites in the brain [123]. Valproic acid also
affects the extracellular signal-regulated kinase (ERK) pathway, non-competitively inhibits
myo-inositol-1-phosphate synthetase, directly inhibits histone deacetylase (HDAC), in-
creases GABA synthesis, and reduces GABA degradation [124,125]. Both i.v. and oral forms
of valproic acid are anticipated to have similar levels of exposure, peak concentration, and
minimum concentration at steady state. The drug is primarily metabolized into glucuronide
conjugates, with about 30-50% being eliminated through hepatic metabolism [126]. Dose-
related side effects of valproic acid include weight gain, hair loss, nausea, vomiting, and
rare idiosyncratic reactions such as hematological toxicity, hepatotoxicity, pancreatitis, and
polycystic ovary syndrome [127,128]. In addition to these side effects, valproic acid is a
known teratogen in humans, meaning it can cause birth defects. It is associated with an
increased risk of spina bifida aperta, as well as heart deformities, cleft palate, and limb
anomalies [128].

All preclinical studies reviewed suggest the potential advantages of using valproic
acid in treating NeP (Table 6). Out of six studies, five showed that the NMDAR antagonist
was able to decrease thermal sensitivity [129,130] and mechanical sensitivity [129-132] in
various animal models of NeP. Four studies indicated that valproic acid could decrease
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the release of cytokines like TNF-c, IL-1§3, and IL-6 [129,130,132,133]. Furthermore, Chen
et al. [129] highlighted that the administration of 300 mg/kg of valproic acid demon-
strated an anti-neuroinflammatory effect by reducing pNF«B (phosphorylated nuclear
factor-kB) /iNOS (inducible nitric oxide synthase)/COX-2 (cyclooxygenase-2) activation
and preventing pAKT (phosphorylated protein kinase B)/pGSK-3f (phosphorylated glyco-
gen synthase kinase-3[3)-mediated neuronal death resulting from peripheral nerve injury
in rats with CCI (chronic constriction injury). On the other hand, another animal study
illustrated that valproic acid shows promise as an anti-inflammatory agent for NeP therapy
by regulating microglial activity and inhibiting spinal neuroinflammation through the
STAT1 (signal transducer and activator of transcription 1)/NF-«kB and JAK2 (Janus kinase
2)/STATS3 (signal transducer and activator of transcription 3) signaling pathways [132].
Furthermore, Wang et al. [133] showed that chitosan nanoparticles labeled with valproic
acid facilitated tissue recovery and improved locomotor function. They also enhanced neu-
ral stem cell proliferation and the expression of neurotrophic factors (BDNF (brain-derived
neurotrophic factor), NGE and NTEF-3 (neurotrophin-3)), while reducing the number of mi-
croglia. Additionally, there was an increase in Tuj 1 (class III beta-tubulin)-positive cells in
the spinal cord of rats with SCI, indicating that valproic acid labeled chitosan nanoparticles
could potentially enhance the differentiation of neural stem cells post-SCL.

The findings from clinical studies are limited, with only one study assessing the im-
pact of valproic acid on NeP (Table 5). In a double-blind, randomized, placebo-controlled
study involving 80 patients with radiculopathy, the NMDAR antagonist was assessed in
combination with celecoxib and acetaminophen. The study findings indicated that low
doses of Na* valproate (200 mg), particularly when combined with NSAIDs (nonsteroidal
anti-inflammatory drugs), showed significant therapeutic effects in reducing or even elimi-
nating chronic radicular pain. Pain levels were quantitatively assessed using VAS before
the intervention and after 10 days [134].

Table 6. Preclinical and clinical studies that evaluated the effect of valproic acid on NeP.

Valproic Acid

Preclinical Studies

First

Author/Reference Animals Animal Model Dosage Route/Frequency Results
Significantly reduced
thermal sensitivity
and mechanical
sensitivity in plantar
Chen et al. Male . analgesia-meter and
(2018) Sprague-Dawley ca 300 mg/kg bw 1 4132' s von
[129] rats ¥ Frey test; decreased
pNFKB, iNOS, COX-2,
pro-apoptotic
protein,
TNF-«, and IL-13 levels.
Significantly alleviated thermal and
Elshe(th(x)li\g}; etal. Male Sw%ss albino Alloxar];—li\r; duced 2550 mg/kg bw 501:;11), mechanical sensulé\r/é;ytg;tl,'wt-plate and von
[130] mice ays decreased spinal histone deacetylases,
TNF-«, and IL-13 levels.
ip. Both i.p. injection and local administration
C?le);(t))a L Sora le/leﬂgawle SNI 200 mgo ﬁ kgbw or demonstrated a significant analgesic effect
[131] prag rats y 10, 20. 50 in 0.5 ul into ventrolateral in a dose-dependent manner in the paw
P S0 U HE NP | orbital cortex withdrawal threshold test.
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Table 6. Cont.

Valproic Acid

Preclinical Studies

First

Author/Reference Animals Animal Model Dosage Route/Frequency Results
Wang et al Male Greatly enhanced functional recovery and
) iv. tissue repair; effectively suppressed
([21%233) Spraglt:?awley SCI 80 mg/kg bw 5 days reactive astrocytes post-SCI; decreased
IL-1B3, IL-6, and TNF-« levels.
Facilitated the recovery of tissue and
Wane et al Male locomotor function in
(2(%21) : SpragueDawle scl 80 me /ke bw iv Basso-Beattie-Bresnahan test; decreased
1135] prag rats y 8/ X8 o the number of microglia; increased neural
stem cell growth, BDNF, NGF NTF-3, and
Tuj-1 positive cells.
Ip. administration effectively reduced
Guo et al. Male i mechanical allodynia in von Frey test;
(2021) Sprague-Dawley SNL 300 mg/kg bw 3 dg decreased TNF-«, IL-13, and IL-6 levels,
[132] rats Yy spinal cell apoptosis, NF-«B, JAK2, STAT3;
increased STAT1.
Clinical Studies
Authorlji;:;erence Population Type of NeP Dosage Route/Frequency Results
+
Chasemian et al Na Valpr(iate 200 mg A low dosage of Na* valproate, particularly
(2020) N =280 Radiculopathy Celecoxib 100 mg orally wher.l Fombmec} with NSAIDs, s'howe'd
[134] + 10 days promising effectiveness in reducing pain,
Acetaminophen 500 mg according to VAS score.

BDNF—brain-derived neurotrophic factor; bw—body weight; CCl—chronic constriction injury; COX-2—
cyclooxygenase-2; DN—diabetic neuropathy; i.p.—intraperitoneally; i.v.—intravenous; IL-13—interleukin 1f3;
IL-6—interleukin 6; iNOS—inducible nitric oxide synthase; JAK2—Janus kinase 2; NGF—nerve growth factor;
NSAIDs—nonsteroidal anti-inflammatory drugs; NF-kB—nuclear factor-«B; NTF-3—neurotrophin-3; SCI—spinal
cord injury; SNI—spared nerve injury; SNL—spinal nerve ligation; STAT1—signal transducer and activator
of transcription 1; STAT3—signal transducer and activator of transcription 3; TNF-a—tumor necrosis factor «;
VAS—Visual Analog Score.

3.6. Carbamazepine

Carbamazepine inhibits NMDA-induced Ca?* influx in cultured neurons and pre-
vents NMDA-initiated convulsions in animals [136,137]. Furthermore, the drug protects
against NMDA-mediated neurotoxicity and blocks NMDA-activated membrane currents
in cultured spinal cord neurons [138,139]. Additionally, carbamazepine binds to voltage-
dependent Na* channels, blocking action potentials that typically stimulate nerves, en-
hances dopamine turnover, and boosts GABA transmission [140-143]. Carbamazepine
has a bioavailability of 75-85% when ingested. It undergoes significant metabolism in the
liver, primarily by the CYP3A4 hepatic enzyme, which converts it to its active metabolite,
carbamazepine-10,11-epoxid [144]. Carbamazepine is primarily excreted in urine as hydrox-
ylated and conjugated metabolites, with minimal amounts of the unchanged drug [144,145].
Common side effects of carbamazepine include dizziness, ataxia, drowsiness, nausea, rash,
and somnolence [146]. Agranulocytosis affects around six patients per 1 million annually,
while aplastic anemia affects two patients per 1 million [146,147].

In this narrative review we investigated five preclinical studies (Table 7), with all of them
demonstrating the potential of carbamazepine to reverse thermal sensitivity [148-151] and
mechanical sensitivity [148,150,152], when administered alone [148,150-152] or in combina-
tion [149]. One study examined the impact of carbamazepine (2040 mg/kg) given alone
or with gabapentin (30-180 mg/kg) on NeP rats induced by STZ. The findings revealed
that carbamazepine at 20 and 40 mg/kg did not show significant effects, but a combination
of gabapentin at 90 mg/kg and carbamazepine at 20 mg/kg resulted in a notable increase
in latency during the hot-plate test [149]. Dai et al. [150] investigated the effectiveness of
incorporating carbamazepine into biodegradable microparticles for sustained perineural
release as an analgesic for peripheral injuries. Animals treated with carbamazepine-loaded
microparticles showed a two-fold increase in hindpaw withdrawal thresholds compared
to controls for up to 14 days. This formulation significantly reduced systemic exposure to
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carbamazepine, offering substantial pain relief. In another study, the antiallodynic effects
of s.c. carbamazepine, baclofen, morphine, and clomipramine were compared in an animal
model of IoN-CCI (infraorbital nerve chronic constriction injury). The findings revealed
that all drugs exhibited notable antiallodynic effects, with carbamazepine demonstrating
the most potent effect [152].

Upon analyzing clinical studies, it was noted that, in recent years, carbamazepine has
been assessed for a particular type of NeP (Table 7). Seven out of eight studies evaluated
the drug’s effectiveness in treating TN, resulting in quite positive outcomes. It is not
surprising, as carbamazepine has been widely acknowledged as an effective treatment for
this condition for several decades, with studies dating back to 1966 [153,154]. However,
two studies compared the effectiveness of carbamazepine and oxcarbazepine in TN pa-
tients indicated that, while both drugs relieved pain, oxcarbazepine demonstrated a more
significant impact [155,156]. Two additional studies showed that gabapentin was more
effective than carbamazepine in TN patients [157,158]. Another study indicated that the
combination of carbamazepine with baclofen was more efficient and effective in pain relief,
with the carbamazepine-capsaicin combination also showing better results compared to
carbamazepine alone, based on the VAS scores of 45 TN patients [159].

The only study that did not assess the effectiveness of carbamazepine on TN was
conducted by Khan et al. [160]. In this clinical study, the use of 200 mg of carbamazepine for
8 weeks showed positive clinical outcomes, reducing pain by approximately 80% according
to VAS in 50 patients with PHN, demonstrating a potency similar to amitriptyline.

Table 7. Preclinical and clinical studies that evaluated the effect of carbamazepine on NeP.

Carbamazepine

Preclinical Studies

First

Author/Reference Animals Animal Model Dosage Route/Frequency Results
Ko(lzlgle;t)al. Sprague-Dawley cCI 20 me/kg bw ip. Reversed thermal and mechanical
[148] rats 8/X8 14 days hyperalgesia in hot-plate and pinprick tests.
Carbamazepine 2040
mg/kg bw
Gabaorentin Carbamazepine at doses of 20 and 40
AL-Mahmood ct al. Female 30-180 rrlfg /kg bw mg/kg did not result in a notable effect on
(2016) Sprague-Dawley STZ- induced DN or orally hot-plate latency. Conversely, a
[149] rats Carbamazepine 1 week combination of gabapentin at 90 mg/kg
20-40 m /kp bw and carbamazepine at 20 mg/kg led to a
f 8 significant increase in latency.
Gabapentin
30-180 mg/kg bw
Carbamazepine 30 mg
or All medications exhibited significant
Deseure et al. Male Baclofen 1.06 mg sc antiallodynic effects; carbamazepine
(2017) Sprague-Dawley IoN-CCI or 1 \A;e'ek demonstrated the most potent effects in
rats orphine 5 m; irected face grooming and von Fre
[152] Morphine 5 mg di d face g ing and Frey
or testing.
Clomipramine 4.18 mg
Carbamazepine
100 pg/mL . .
Dai et al. Female or 14 days local carbama?ée iif_fll(l)f;ﬁggiﬁfclrzf articles
(2018) Sprague-Dawley CCI Carbamazepine-loaded sustained nazep Jcroparti
. . . resulted in more notable pain relief in von
[150] rats microparticles perineural release

10-20 mg in 150 pL

saline

Frey and thermal plantar tests.
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Table 7. Cont.

Carbamazepine

Preclinical Studies

First . .
Author/Reference Animals Animal Model Dosage Route/Frequency Results
Bektas et al. Male Sprague Capsaicin-induced orally There was a significant increase in thermal
(2019) D 1p & F})1 loesi 30 mg/kg bw 45 min prior to h ﬁg 1ds in bl
[151] —Dawley rats yperalgesia capsaicin thresholds in plantar test.
Clinical Studies
First Population Type of NeP Dosage Route/Frequenc Results
Author/Reference P yp 8 quency
Carbamazepine
Shafiq et al. 200 mg orall Both medications alleviated pain as per
(2015) N =202 TN or 8m nzh VAS, with oxcarbazepine showing a more
[155] Oxcarbazepine onths noticeable effect.
200 mg
Sy(e;%leg)al. N=9 N 100-600 orally The pain perception significantly decreased
[161] B mg 11 years according to FPS and NRS.
Carbamazepine
600-800 mg
or The combination of carbamazepine with
Carbamazepine 600 mg  Carbamazepine/baclofenbaclofen proves to be more efficient and
Puri et al. + orally effective in alleviating pain in patients with
(2018) N =45 TN Baclofen 10-20 mg Capsaicin TN, with the carbamazepine-capsaicin
[159] or local application combination following closely behind in
Carbamazepine 600 mg 1 month comparison to carbamazepine alone
orally according to VAS.
+
Capsaicin 0.25% cream
Carbamazepine -
Kaur ot al. 400-1200 mg Both medlcjanons dgmons’;rate(fl
orally effectiveness in reducing pain, with
(2018) N =37 ™ or ; . .-
. 3 months gabapentin showing greater efficiency
(1571 Gabapentin based on the frequency of the attacks
600-1800 mg quency :
Carbamazepine
Agarwal et al. 400-1200 mg orall Both drugs alleviated pain after 3 months of
(2020) N =46 TN or 3 monzlhs treatment according to VAS, with a more
[158] Gabapentin pronounced effect for gabapentin.
600-1800 mg
Tariq et al.
(2021) N =30 ™™ 100 mg orally The average VAS score decreased from 4.53
[162] 28 days on day 7 to 3.27 on day 28 after treatment.
Carbamazepine Both medications demonstrated
Igbal et al. 200 mg .
_ orally effectiveness based on the frequency of
(2023) N =56 N or X ¢ )
. up to 7 months attacks, with oxcarbazepine showing a
[156] Oxcarbazepine
200 mg more pronounced effect.
Carbamazepine Both drugs showed similar effectiveness,
Khan et al. 200 mg . . . ] o
_ orally with carbamazepine reducing pain by 80%
(2023) N =50 PHN or amazep ¢ )
e 8 weeks and amitriptyline by 86%, according to
[160] Amitriptyline
25 ms VAS.

bw—body weight; CCl—chronic constriction injury; DN—diabetic neuropathy; FPS—faces pain scale; i.p.—
intraperitoneally; IoN-CCI—infraorbital nerve chronic constriction injury; NRS—numerical pain rating scale;
PHN—postherpetic neuralgia; s.c.—subcutaneous; STZ—streptozotocin; TN—trigeminal neuralgia; VAS—Visual
Analog Score.

3.7. Phenytoin

Studies have shown that phenytoin can effectively block NMDA responses, espe-
cially those induced by multiple applications of NMDA, as observed in research involving
mouse neurons in culture [163]. Furthermore, phenytoin inhibits cortical NMDA-evoked
[3H] norepinephrine efflux and NMDA-stimulated acetylcholine release from the stria-
tum [164,165]. It has been shown that phenytoin does not affect NMDA-dependent LTP
(long-term potentiation) or primed burst-induced LTP, both of which are NMDA receptor-
mediated [166,167]. These findings suggest that the effects of phenytoin may be linked
to its impact on voltage-dependent ion channels, while its influence on NMDA-mediated
activity could be indirect or secondary. Phenytoin is fully absorbed, and approximately
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90% is bound to proteins [168]. It undergoes extensive metabolism, initially converting into
a reactive arene oxide intermediate. This reactive intermediate is believed to be accountable
for numerous unwanted adverse effects of phenytoin [169]. The majority of phenytoin is
eliminated as inactive metabolites through bile excretion [170]. Common adverse effects
of phenytoin include rash, blood dyscrasias, hepatitis, nystagmus, ataxia, confusion, and
memory loss [171].

This review analyzed two preclinical studies that assessed the effects of phenytoin in
the CCI animal model of neuropathic pain (Table 8). Both studies showed that phenytoin
effectively reversed thermal and mechanical sensitivity in rats [172,173]. Furthermore,
Kocot-Kepska et al. [172] found that phenytoin reduced microglia/macrophage activation
and/or infiltration at the spinal cord and dorsal root ganglion levels 7 days post-nerve
injury. Significantly, the combination of phenytoin and morphine produced more effective
antinociception compared to administering either drug individually.

In the clinical trials, all 12 studies demonstrated phenytoin’s effectiveness in reducing
NeP (Table 8). In two studies, i.v. phenytoin was administered to patients with TN,
resulting in positive outcomes [174,175]. The remaining 10 studies utilized phenytoin
cream in concentrations ranging from 5-10%, with the 10% concentration yielding superior
results. These studies assessed phenytoin in various types of NeP, from DN [176,177]
to small fiber neuropathy [178-180], symmetrical painful neuropathy [181], CIAP, and
CIPN [182,183]. Most studies predominantly utilized the NRS as the pain screening tool.

Table 8. Preclinical and clinical studies that evaluated the effect of phenytoin on NeP.

Phenytoin

Preclinical Studies

Authorlji;:;erence Animals Animal Model Dosage Route/Frequency Results
Hesari et al. i Significantly reversed thermal and
ale Wistar rats m W mechanical sensitivity in von Frey, pinprick,
2016 Male Wi CCI 50 mg/kg b 14;:1pl hanical itivity i Frey, pinprick
[173] ays acetone, and hot-plate tests.
ip.
10-60 mg/kg bw single dose Administered in single and repeated doses,
day 7 after CCI reduced thermal and mechanical sensitivity
- in von Frey and cold-plate tests; effectively
Lp. decreased the activation and/or infiltration
Kocot-Kepska et al. 30 mg/kg bw 16 hand 1 h before of microglia/macrophages in both the
(2023) ca spinal cord and dorsal root ganglia; the
[172] Male Wistar rats ca Phenytoin phenytoin-morphine combination resulted
30 mg/kg bw in superior pain relief compared to
Day 8 after CCI ip. administering each drug separately.
FOLLOWED BY
Morphine 10 mg/kg bw
Clinical Studies
Authorl;i{:;erence Population Type of NeP Dosage Route/Frequency Results
60 vears old male The 5% cream quickly reduced allodynia on
b4 . o 2 times daily the NRS. With the 10% cream, the person
N=1 with peripheral 5-10% cream . . .
NeP 3 months experienced complete relief from allodynia
for the entire night.
Kopsky et al. _ 71 years old with o 3 times daily After the application, the patient scored 0
o017, N=1 CIAP+CINP 5% cream 2 months on the NRS.
[182] Both concentrations of the cream resulted in
N=1 54 years old with 5-10% cream 2-3 times daily a reduction of pain levels on the NRS, with
B CIPN ° 1 months the 10% cream showing a more pronounced
effect.
Kopsky et al. Different t ¢ Resulted in a significant reduction in NeP,
(2018) N=70 ! ere;elj}l peso 5-10% cream Up to 41 weeks with more pronounced effects for the 10%
[184] concentration, according to the NRS.
Kopsky et al. After 30 min, the average decrease in pain
(2018) N=21 Localized NeP 10% cream - as recorded by the NRS within the region
[185] treated was 3.3.
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Table 8. Cont.

Phenytoin

Preclinical Studies

First

Author/Reference Animals Animal Model Dosage Route/Frequency Results

In every instance, the time it took for the

Hesselink et al. pain relief to become noticeable was less

([2107187]) N=5 SEN 10% cream B than 20 min, with four out of five cases
experiencing relief within just 10 min.
Kopsky et al. Symmetrical . o -
(2020) N=12 painful 10-20% cream 6 weeks Half of the patients exhibited positive
[181] polyneuropathy responses to treatment on the NRS.
The application of 10% cream resulted in a
significant (50%) reduction in pain. The
esselink et al. ain-relieving effects o o cream typica
Hesselink et al pain-relieving effi f 10% ypically
= o cream several weeks egin to take effect within approximate!
2017, N=1 SFN 10% 1 k begi ke eff ithin approxi ly 5
[179] min of application, providing relief for up

to 20 h in this particular instance. The pain
screening tool used was the NRS.

Within 20 min of applying the cream, the

Hesselink et al. pain in the right foot stayed constant, but

([21%13%) Nt clar 10% cream ) the pain in the left foot decreased from a
score of 7 to 2 on the NRS.
The pain experienced by two patients was
Hesselink et al. significantly reduced (by more than 50%),
(2024) N=3 SFN 5% cream - while one patient reported complete
[180] disappearance of the pain. The pain
screening tool used was the NRS.
Hesselink et al. The outcome led to a significant decrease
(2016) N=1 DN 5% cream - (of 50%) in neuropathic pain, according to
[176] the DNA4.
Hesselink et al. Phenytoin cream, applied in a single-blind
(2018) N=1 DN 10-30% cream - manner, decreased pain levels on the NRS
[177] within just 5 min of application.
Schnell et al. o e .
(2020) N =39 TN 10-20 mg/kg iv. Nearly 90 /loﬁ }“d“"dl?al? e;if“‘.’“.ced
[174] instant relief from pain in crisis.
Vargas et al. After the infusion, the patient reported that
(2015) N=1 ™ 15 mg/kg iv. his pain level as 2 out of 10; he was able to
[175] communicate clearly and effortlessly.

bw—body weight; CCl—chronic constriction injury; CIAP—chronic idiopathic axonal polyneuropathy; CIPN—
chemotherapy-induced polyneuropathy; DN4—Douleur Neuropathique 4 Questionnaire; DN—diabetic neuropa-
thy; i.p.—intraperitoneally; NRS—numeric rating scale; SEN—small fiber neuropathy; TN—trigeminal neuralgia.

3.8. Riluzole

Riluzole stabilizes voltage-dependent Na* channels in their inactivated state and
activates a G-protein-dependent process, leading to reduced glutamate release and inhibi-
tion of postsynaptic events mediated by NMDARs [186]. These synergistic mechanisms
block excitotoxicity, providing powerful neuroprotection with minimal side effects com-
pared to excitatory amino acid receptor antagonists. By directly and non-competitively
inhibiting NMDAR activity, riluzole reduces the excitotoxic effects of excessive glutamate,
thereby preventing neuronal damage and death [187-190]. Riluzole has an estimated
oral bioavailability of 60%. After absorption, it is metabolized in the liver by cytochrome
P450 into N-hydroxyl riluzole, which is then glucuronidated. The drug’s metabolites are
mainly excreted through the kidneys, with less than 1% of the absorbed dose eliminated
in urine, and about 10% of the metabolized riluzole is excreted in the feces [191]. The
most frequently observed adverse effects include weakness, nausea, dizziness, cough, and
abdominal discomfort [192].

Out of the 13 preclinical studies reviewed (Table 9), 7 showed that riluzole effectively
reduced thermal and mechanical sensitivity in various types of NeP [193-199]. The only
study that found riluzole to have no effect on mechanical sensitivity in an animal model
of NeP in rats was conducted by Thompson et al. [200], using doses ranging from 2 to 8
mg/kg. Additionally, two animal studies highlighted that riluzole-treated rats exhibited
improved motor function recovery [201,202]. The mechanisms by which riluzole pro-
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vides neuroprotection are complex. They include preventing the downregulation of GLT-1
(glutamate transporter-1), the increase of glutamate concentration, and the activation of
NMDAR [195], downregulating P2X7R (P2X purinoceptor 7) expression, inhibiting mi-
croglial activation [194], activating the SK (small-conductance Ca®*-activated K*) channel
in the amygdala [200], inhibiting TRPMS (transient receptor potential melastatin 8) overex-
pression in the dorsal root ganglions [197], and activating the GSK-3f3 (glycogen synthase
kinase-3 beta) /CRMP-2 signaling pathway (collapsin response mediator protein-2) [203].
Furthermore, riluzole demonstrated an anti-inflammatory effect by reducing the levels of
proinflammatory cytokines in rats with SCI [202]. Martins et al. [201] demonstrated that,
in rats with SCI, the combination of riluzole and dantrolene provided enhanced neuro-
protection by more effectively reducing apoptotic cell death compared to when each drug
was administered individually. On the other hand, Ghayour et al. found that both acute
and chronic administration of riluzole slowed the regeneration process and delayed the
recovery of motor function rats with SNI [204].

Although animal studies suggested some advantages of riluzole in NeP, none of
the three clinical trials analyzed yielded positive outcomes for riluzole therapy (Table 9).
Consequently, riluzole treatment did not lead to notable improvement in patients with
NeP linked to secondary progressive multiple sclerosis and cervical spine injury [205,206].
Moreover, in patients experiencing oxaliplatin-induced neuropathy, riluzole exacerbated
neuropathic symptoms [207].

Table 9. Preclinical and clinical studies that evaluated the effect of riluzole on NeP.

Riluzole

Preclinical Studies

tholj/llr{setfi};\ce Animals Animal Model Dosage Route/Frequency Results
Karadimas Female
etal. Sprague— ip. Attenuated pain sensitivity in von
(2015) Dawley M 8 mg/kgbw 2 weeks Frey and tail flick tests.
[193] rats
Reduced thermal hyperalgesia
and mechanical allodynia in
Jiang et al. _ . plantar analgesia meter and von
(2016) MDa le Slpragile CCI 4 mg/kg bw 5 ;E Frey tests; decreased the
[194] awiey rats y expression of P2X7R; suppressed
microglial activation in the spinal
cord dorsal horn.
ip. .
Ghayour et al. . 6-8 mg/kg bw single dose Acute and chronic treatment
Male Wistar slowed the regeneration process
2017 SNI and and
rats . and delayed the recovery of
[204] 4-6 mg/kg bw ip. .
motor function.
8 weeks
Alleviated mechanical allodynia
Yamamoto et al. Male Sprague— O?<ahplat1n— orally in the von .Fre.y test, suppressed
(2017) Dawl £ induced 12 mg/kg bw 27 davs the rise in glutamate
[195] awley rats neuropathy y concentration, and prevented the

reduction of GLT-1 expression.

109



Int. J. Mol. Sci. 2024, 25, 11111

Table 9. Cont.

Riluzole

Preclinical Studies

tholrzlllrlsetfil;;\ce Animals Animal Model Dosage Route/Frequency Results
Inhibited vocalizations and
depression-like behaviors in FST;
Thompson et al. Male Spraetie— ; did not affect withdrawal
(2018) Dawls r%ts SNL 2-8 mg/kg bw 14 dF; ’ S thresholds in the von Frey test;
[200] y Y enhanced the mAHP mediated by
SK channels in amygdala
neurons.
Prevented cold and mechanical
hypersensitivities in various tests
(tail immersion, acetone von Frey,
Poupon et al. Oxaliplatin- in drinking in?ni:ﬁiifl(l;:;’r: 3\)7(;?1??;1 d
(2018) 57B1/6JRj mice induced 60 pg/mL water dII:: . ] tests), and
[196] neuropathy 28 days aciesive removai tests), an
depression-like symptoms
chemotherapy (FST test);
significantly prevented the
decrease of NCV.
Yamamoto et al. Male S Oxaliplatin- Il Reduced colc'i a'll?ﬁay'n'la n ¢
(2018) Da e 1prague— induced 12 mg/kg bw Z? y ;E;tg)/[rge test via in 1 1t19n (})1
[197] awley rats neuropathy ays 9 overexpress19n in the
orsal root ganglions.
Riluzole
4 mg/kg bw
or The combination
Dantrolene synergistically enhanced
Martins et al. Male Wistar 10 mg/kg bw ip. neuroprotection by reducing
(2018) SCI or 15minand 1h  apoptotic cell death; significantly
[201] rats Riluzole before SCI improved motor recovery as
4 mg/kg bw measured by the BBB locomotor
+ rating scale.
Dantrolene
10 mg/kg bw
. Decreased mechanical sensitivity
Zhang et al. Male Spraete— sin i.epébse in von Frey test for at least 14
(2018) D prag SNL 12 mg/kg bw & days; prompted LTD of spinal
awley rats at 5 days post SO . .
[198] SNIL sureer nociceptive signaling by acting on
sery postsynaptic GluR2 receptors.
Significant increased locomotor
scores (BBB score, inclined plane
test); reduced spinal cavity size,
Wu et al. . . increa§ed levels of MPB and
(2020) Female Wistar e 4mg/ke bw ip. neuroﬁlament. 200; decreased
[202] rats 7 day level's of proinflammatory
cytokines (IL-13, IL-1p3, IL-6,
TNF-«, TGF-f1); induced
polarization of M2
microglia/macrophages.
ip.
Ta(%;;)a L Male Sprague— SNI 4 mg/kg bw single dose Reduced mechanical allodynia in
[199] Dawley rats at 7 days after von Frey test.
surgery
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Table 9. Cont.

Clinical Studies

First Au-

thor/Reference Population Type of NeP Dosage Route/Frequency Results
Decreased IL-1 mRNA,
protected neurons from damage,
Wu et al. and reduced the activation of
(2022) Female Wistar SCI 6 mg/kg bw . ip. miCI:ogliz'i /macrophage M1
[208] rats single dose expression; increased the levels of
IL-33 and its receptor ST2 in
microglia/macrophages in the
spinal cord.
Xu et al. Promotes neurological functional
(2022) Female Wistar e 4 mg/kg bw ip. restoration by activating the
[203] rats 7 days GSK-3[3 /CRMP-2 signaling
pathway.
orally
prior to the According to TNS and
Trinh et al. Oxaliplatin- second FACT-GOG NTX scores, riluzole
2021 N =52 induced 50 mg oxaliplatin worsens neuropathy symptoms,
[207] neuropathy dose, neurotoxicity, and quality of life
continuing to associated with oxaliplatin
the end of treatment.
treatment
NeP associated orally
Foley et al. with secondary 1/day for 4 Riluzole showed no positive effect
(2022) N =445 progressive 50 mg weeks, then on any NeP outcome measure
[205] multiple 2/day until (NPS and Brief Pain Inventory).
sclerosis week 96
orally,

Kumarzisam . | 100 mg FO]?_) Elg{\s/ED Riluzolfe therapy did not result hir1
etal. _ ervical spine a significant improvement in the
(2022) N=52 injury FOLITSCO)‘;VIIED BY BY severity of NeP, as measured by
[206] & orally the NRS.

13 days

BBB—Basso-Beattie-Bresnahan; bw—body weight; CCI—chronic constriction injury; CRMP-2—collapsin re-
sponse mediator protein-2; CSM—cervical spondylotic myelopathy; FACT-GOG NTX—Functional Assessment
of Cancer Therapy/Gynecologic Oncology Group-Neurotoxicity; FST—forced swim test; GLT-1—glutamate
transporter 1; GluR2—glutamate receptor 2; GSK-3—glycogen synthase kinase-3 beta; i.p.—intraperitoneally;
IL-13—interleukin 13; IL-1B—interleukin 1f3; IL-33—interleukin 33; IL-6—interleukin 6, LTD—long-term de-
pression; mAHP—medium after hyperpolarization; NCV—nerve conduction velocity; NPS—neuropathic pain
score; NRS—numerical rating scale for neuropathic pain; P2X7R—P2X purinoceptor 7; SCI—spinal cord injury;
SK—small-conductance Ca**-activated K+; SNI—spared nerve injury; SNL—spinal nerve ligation; TGF-B1—
transforming growth factor beta 1; TNF-a—tumor necrosis factor «; TNS—total neuropathy score-reduced;
TRPM8—transient receptor potential melastatin 8.

3.9. Levorphanol

Levorphanol exhibits unique pharmacological properties by acting as a mu, delta,
kappal, and kappa3 receptor agonist, while also inhibiting the reuptake of norepinephrine
and serotonin [209]. It was also found to selectively block NMDAR-mediated neurotoxi-
city in cortical neurons in mice and inhibit the excitatory response of rat spinal neurons
to NMDA [210,211]. Its affinity for the NMDAR is stronger than methadone and com-
parable to ketamine. Due to its potent NMDA antagonism and specific inhibitory ac-
tion on norepinephrine uptake, levorphanol is considered a strong candidate for treating
NeP [212-214]. Levorphanol is well absorbed when taken orally and is metabolized to the
inactive levorphanol-3-glucuronide. The glucuronide metabolite is excreted through the
kidney [209]. Side effects include nausea, vomiting, mood and mental changes, itching,
flushing, urinary difficulties, constipation, and biliary spasm [215,216].
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In this narrative review, only one study, comprising two case reports (Table 10), was
analyzed, and it showed promising results [217]. Pain intensity was assessed in both
cases using the Edmonton Symptom Assessment System (ESAS) pain score. The first case
involved a patient with osteosarcoma who was later diagnosed with phantom limb pain.
Despite receiving a combination of medications consisting of hydromorphone extended-
release 16 mg once daily, hydromorphone 4 mg six times a day, and gabapentin 300 mg
three times a day, the pain level persists at a notable intensity, with a score of 7 out of 10 on
the ESAS pain scale. However, after adding levorphanol 2 mg to the existing regimen of
hydromorphone, the pain intensity decreased to 0-1 on the ESAS pain scale. The second
case involved a breast cancer patient diagnosed with Brown-Sequard syndrome. Despite
being on a regimen of 1200 mg of gabapentin three times daily, venlafaxine extended-
release 75 mg once daily, and hydrocodone/acetaminophen 10/325 mg every 6 h, the
patient continued to report uncontrolled pain. A low dose of levorphanol at 1 mg every 8 h
was added alongside the existing hydrocodone/acetaminophen. After 1 month, the patient
noted significant improvement in pain, reducing to a 2 out of 10 on the ESAS pain scale.
This improvement continued over several months, with decreased reliance on hydrocodone
until its discontinuation.

Table 10. Clinical studies that evaluated the effect of levorphanol on NeP.

Levorphanol

Clinical Studies

Authorl;i:;erence Population Type of NeP Dosage Route/Frequency Results
Levorphanol Levorphanol One week later, pain
2 IF; every 8 h had nearly
N=1 Phantom limb N & Hydromorphone disappeared, with a
- pain Hvdromorphone every 4 h as necessary  pain intensity rating of
Y Am ev}Zr for breakthrough pain 0-1 out of 10 on the
Reddy et al. 8 y several months ESAS pain scale.
(2018)
7 Levorphanol Levorphanol
[217] I mg P
every 8h Af h pai
Brown-— N Hydrocodone ter 1 month, pain
Hydrocodone 10 significantly improved,
N=1 Sequard and .
mg . scoring 2 out of 10 on
syndrome Acetaminophen .
and taken as needed the ESAS pain scale.
Acetaminophen
325 mg several months

ESAS—Edmonton Symptom Assessment System.

3.10. Methadone

Methadone is a synthetic opioid analgesic that functions as a full agonist of the p-
opioid receptor [209]. Notably, methadone also antagonizes the NMDAR and strongly
inhibits the uptake of serotonin and norepinephrine, which likely enhances its pain-relief
properties [209,218]. Methadone is a highly lipid-soluble opioid that is well absorbed from
the gastrointestinal tract [218]. It binds extensively to plasma proteins and undergoes
significant first-pass metabolism. Its elimination involves extensive biotransformation,
followed by excretion through the kidneys and feces [219]. Side effects include constipation,
sedation, nausea, vomiting, and respiratory depression [220].

Evidence supporting the benefits of methadone in treating NeP is derived from clinical
studies, with all 10 studies included in this narrative review reporting positive outcomes
(Table 11). Notably, seven of these studies focused on the effect of methadone on CRNP, with
all demonstrating that the NMDAR antagonist significantly reduced pain severity [221-227].
Additionally, case reports by Bach et al. [228] demonstrated the safe and effective use of low-
dose methadone as an adjuvant treatment in frail elderly patients with various types of NeP
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who could not tolerate higher doses of conventional opioids and adjuvant pain medications.
Methadone helped reduce the required dosage of hydromorphone in these patients. In
contrast, Madden et al. [223] demonstrated that, in children with CRNP, adding a very
low dose of methadone (0.03-0.04 mg/kg) to their existing gabapentin treatment regimen
effectively managed NeP syndrome. Another study compared the effectiveness of oral
methadone to fentanyl patches in patients with CRNP and found that the reduction in
NRS scores was significantly greater with methadone than with fentanyl [221]. Moreover,
Adumala et al. [227] reported that methadone provided superior analgesic effects and good
overall tolerability compared to morphine for managing CRNP. The pain reduction was
measured using the NRS and DN4 questionnaires. Combining duloxetine (40-60 mg) with
methadone (15-30 mg) effectively reduced CRNP and alleviated emotional symptoms in
patients more than either medication used alone, as shown by ESAS scores [224].

Table 11. Clinical studies that evaluated the effect of methadone on NeP.

Methadone

Clinical Studies

First

Author/Reference Population Type of NeP Dosage Route/Frequency Results
iv Decreased pain by as
N=1 32.7 mg/kg bw 182 'délys much as 4 points on the
Rasm(g(s;%r; ctal. Vincristine-induced NRS scale.
[229] neuropathy i Decreased pain by as
N=1 24 mg/kg bw 180 d much as 5 points on the
ays NRS scale.
Methadone The decrease in NRS
Methadone scores was notably
Haumann et al. 2m orally superior when
(2016) N =52 CRNP 8 Fentanyl p '
or methadone was utilized
[221] patch . .
Fentanyl 12 ug/h in comparison to
5 weeks
fentanyl.
In this study involving
patients who switched
from other strong
Sugiyama et al. orall opioids like oxycodone
(2016) N=28 Severe CRNP 7.5-150 mg 14 days and fentanyl to
[222] 4 methadone, 22 patients
experienced a significant
reduction in their mean
FPS score.
A 94-year-old patient
with intractable back
. . orally
pain secondary to spinal 0.5 mg every 12 h
N=1 stenosis and disc y
protrusion
An 88-year-old patient The Co—administr.ation of
Bach et al. with phantom limb pain 19 m orally methadone reh.eved
(2016) in right leg 8 every 12h chronic nonmalignant
[228] and NeP in the left NeP and reduced the
- dosage of
A 94-year-old patient hydromorphone in
with end-stage renal elderly patients.
disease and a C5 injury
experiencing burning 0.5-2.5mg orally

pain that extends from
the neck down to both
arms
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Table 11. Cont.

Methadone

Clinical Studies

Au thorl;i{:;erence Population Type of NeP Dosage Route/Frequency Results
Methadone syﬁfgfrfzoerf};eﬁi)ely
Madden et al. . 0.03-0.04 mg/kg managed by adding
Refractory CRNP in bw orally
(2017) N=2 . very low dose of
children + 1 year .
[223] . methadone to their
Gabapentin 45 o .
mg/kg existing gabapentin
& treatment regimen.
Lvnch et al All individuals
Y ' Moderate to severe orally demonstrated a decrease
(2019) N=9 . 5-60 mg . . .
[230] chronic NeP 11 weeks in average pain intensity
based on the NPRS.
Methadone After patients
33.75 mg (dose transitioned from
range) monotherapy to
or combination therapy,
Curry et al Duloxetine there was a reduction in
(28’21) ' N = 43 CRNP 60 mg (dose range) orally both the total ESAS
[224] FOLLOWED BY 2-8 weeks scores and subscores.
Methadone 15-30 Additionally, 28% of
mg patients on combination
+ therapy reported a
Duloxetine 40-60 minimum two-point
mg decrease in pain scores.
Matsuda et al. orall Pain scores decreased
(2022) N=3 NeP due to NBP 15-60 mg y according to NRS in all
5-57 days
[225] three cases.
By day 28, the pain
intensity was notably
Fawoubo et al reduced, with 53% of
(2023) N = 48 CRNP 21-60 mg orally patients reporting a
[226] 28 days lower VAS score.
Additionally, the NPSI
score decreased in 50%
of patients.
All participants
Methadone 2.5-20 exhibited a decrease in
Adumala et al. mg orall the average values for
= or an , with a
(2023) N=74 CRNP 1 wee}Ls NRS and DN4, with
[227] Morphine 30-360 superior analgesic effect
mg for methadone

compared to morphine.

bw—body weight; CRNP—cancer-related neuropathic pain; DN4—Douleur Neuropathique 4; ESAS—Edmonton
Symptom Assessment System; FPS—faces pain scale; NBP—neoplastic brachial plexopathy; NPRS—Numeric
Rating Scale for Pain Intensity; NPSI—Neuropathic Pain Symptom Inventory; NRS—numerical rating scores.

4. Materials and Methods

A literature survey was conducted using PubMed to explore the most relevant articles
containing preclinical and clinical research findings on the impact of various NMDAR
antagonists on NeP. We restricted the search to articles that were published in English
from 2015 to 2024. We used the following keywords and MeSH terms: “ketamine” OR
“memantine” OR “methadone” OR “amantadine” OR “carbamazepine” OR “valproic
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acid” OR “phenytoin” OR “dextromethorphan” OR “riluzole” OR “levorphanol” AND
“neuropathic pain” OR “neuropathy”. After careful analysis and cross-checking, we chose
the most suitable studies.

5. Summary

Ketamine, the most extensively studied NMDAR antagonist for NeP, effectively re-
duced the pain sensitivity associated with NeP and exhibited anti-inflammatory potential
by reducing pro-inflammatory cytokines in preclinical studies [49,50]. However, its effects
may not be long-lasting [47]. Clinical studies on ketamine for NeP revealed mixed results
across different administration methods. Out of 11 studies, 8 supported ketamine’s benefits.
Among these, six studies used i.v. administration, with varying outcomes: three reported
effective pain relief [51-53], one exhibited partial success [54], and two showed no signifi-
cant reduction in pain [55,56]. Orally administered ketamine showed effectiveness in two
studies [57,58], but a large study on CIPN yielded poor results. Topical and subcutaneous
administration both showed positive outcomes in one study [60,61].

In preclinical studies, dextromethorphan effectively reversed tactile allodynia and
thermal hyperalgesia [84,85]. However, combining dextromethorphan with gabapentin
or oxycodone enhanced its antiallodynic effect [86,87]. Clinical studies are limited, with
one study showing dextromethorphan’s antihyperalgesic effects in a freeze-injury-induced
hyperalgesia model [88].

Memantine showed efficacy in preclinical studies by reversing mechanical sensitivity
and reducing proinflammatory cytokine levels [96,99]. Clinical trials support its benefits in
treating NeP, particularly CRPS and post-mastectomy NeP, when administered alone [100,101].
Amantadine reduced hypersensitivity and oxidative stress in preclinical studies [112,113], with
positive outcomes reported in clinical trials for facial nerve neuropathy [115].

Valproic acid demonstrates potential in preclinical studies by reducing sensitivity and
cytokine release [129,130]. Limited clinical evidence suggests its effectiveness when combined
with NSAIDs for chronic radicular pain [134]. Carbamazepine shows efficacy in preclinical
studies for thermal and mechanical sensitivity reversal, particularly in TN [148,152]. Clinical
studies mainly focus on TN, with varying effectiveness compared to other medications like
oxcarbazepine or gabapentin [155,157].

In preclinical studies, phenytoin effectively reversed thermal and mechanical sen-
sitivity in rats and reduced microglia/macrophage activation post-nerve injury [172].
Combining phenytoin with morphine provided more effective pain relief than either drug
alone [172]. Clinical trials demonstrated phenytoin’s effectiveness in reducing NeP, with
i.v. administration benefiting TN patients [174,175] and topical phenytoin cream (5-10%)
showing superior results in various types of NeP, including DN [176], small fiber neu-
ropathy [180], and CIPN [182]. Riluzole, despite promising preclinical results [193-195],
showed no positive outcomes in clinical trials for NeP treatment [205,207].

Levorphanol, as seen in case reports, holds promise in pain management for condi-
tions like osteosarcoma and Brown-Sequard syndrome [217]. Clinical studies indicated that
methadone is highly effective in treating NeP, particularly in cancer-related cases [224,227].
It was safe and effective at low doses for frail elderly patients, helping to reduce hydromor-
phone usage [228], and effectively managed pain in children with CRNP when combined
with gabapentin [223]. Methadone also showed superior pain relief compared to fentanyl
patches and morphine [221,227], and combining it with duloxetine further alleviated CRNP
and emotional symptoms [224].

This narrative review acknowledges several limitations that warrant discussion. While
preclinical studies offer promising insights into the mechanisms and potential benefits of the
various NMDAR antagonists, their direct translation to clinical applications is hindered by
various factors. Preclinical trials frequently use animal models that may not accurately rep-
resent human physiology and pathology. Moreover, variations in dosages, administration
methods, and experimental designs across studies lead to a lack of standardized protocols.
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Moreover, supplementary limitations exist within the current body of research. Many
studies included in the review have small sample sizes, posing challenges in drawing
definitive conclusions applicable to broader patient populations. Furthermore, there is sig-
nificant variability in dosing among clinicians, leading to inconsistent treatment outcomes.
Additionally, neuropathic pain encompasses a wide spectrum of conditions, meaning a
pharmacologic agent that is effective for one condition may not be suitable for another.
Clinicians need to recognize this variability when devising treatment plans for patients with
specific types of neuropathic pain. Lastly, the considerable variation in follow-up periods
among analyzed studies, ranging from weeks to months, may impact the assessment of
treatment efficacy and requires careful consideration by clinicians.

6. Conclusions

After our thorough examination of the 10 NMDAR antagonists, it is evident that
clinicians have multiple options for treating NeP. While some agents have stronger evidence
supporting their efficacy, it is essential for physicians to recognize alternative choices
in cases where pharmacologic drugs fail to provide sufficient relief or are limited by
side effects. However, additional research is necessary to enhance understanding of the
mechanisms and clinical utility of these 10 agents.
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Abstract: Diabetic kidney disease (DKD) is a common microvascular complication of diabetes mellitus
(DM). With the increasing prevalence of DM worldwide, the incidence of DKD remains high. If DKD
is not well controlled, it can develop into chronic kidney disease or end-stage renal disease (ESRD),
which places considerable economic pressure on society. Traditional therapies, including glycemic
control, blood pressure control, blood lipid control, the use of renin—angiotensin system blockers and
novel drugs, such as sodium-glucose cotransporter 2 inhibitors, mineralocorticoid receptor inhibitors
and glucagon-like peptide-1 receptor agonists, have been used in DKD patients. Although the above
treatment strategies can delay the progression of DKD, most DKD patients still ultimately progress
to ESRD. Therefore, new and multimodal treatment methods need to be explored. In recent years,
researchers have continuously developed new treatment methods and targets to delay the progression
of DKD, including miRNA therapy, stem cell therapy, gene therapy, gut microbiota-targeted therapy
and lifestyle intervention. These new molecular therapy methods constitute opportunities to better
understand and treat DKD. In this review, we summarize the progress of molecular therapeutics for
DKD, leading to new treatment strategies.

Keywords: diabetic kidney disease; therapeutics; miRNA; stem cell; gene therapy; gut microbiota

1. Introduction

Diabetic kidney disease (DKD) is a chronic disease caused by diabetes mellitus (DM).
The early manifestation of DKD is microalbuminuria, which gradually progresses to
massive proteinuria and progressive renal dysfunction. If DKD is not well controlled,
it eventually progresses to end-stage renal disease (ESRD) [1], which is the main cause
of increased morbidity and mortality in diabetic patients. Because DKD is a common
complication of DM, and the prevalence of DM is increasing worldwide, the prevalence of
DKD has also increased. Approximately 40% of patients with type 2 DM (T2DM) and 30%
of patients with type 1 DM (T1DM) progress to DKD [2—4]. More than 700 million people
worldwide are estimated to be currently affected by DKD, and this number will continue
to increase in the coming decades [5]. The high medical costs and poor prognosis of people
in end-stage DKD have placed a heavy burden on society and families [6,7].

The pathogenesis of DKD is complex, and the therapeutic targets are not yet clear.
Traditionally, glomerular hypertension, altered renal hemodynamics, inflammation, ox-
idative stress stimulation, and activation of the renin—-aldosterone system are believed to
contribute to the progression and poor prognosis of DKD [8]. At present, the treatment
methods for DKD mainly include classic methods, such as glycemic control, blood lipid
control, blood pressure control, and other symptomatic supportive treatment methods.
In addition, various drugs, such as metformin, mineralocorticoid receptor antagonists
(MRAs), sodium-—glucose cotransporter 2 (SGLT2) inhibitors, and glucagon-like peptide-1
receptor (GLP-1R) agonists, have also entered clinical use. However, the benefits of these
treatments for DKD remain limited and they cannot prevent DKD from progressing into to
ESRD. We need to search for new targets and strategies for treating DKD.
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In recent years, treatment methods for DKD have also been continuously advancing.
As research on new treatment methods, such as gene therapy, stem cell therapy, miRNA
therapy, gut microbiota therapy and lifestyle therapy has progressed, new options have
been provided for the treatment of DKD. This study focuses on the therapeutic potential of
the above therapies for DKD to provide a new theoretical basis for the clinical treatment
of DKD.

2. Conventional Treatment and Newer Medications for DKD

In the past 20 years, renin-angiotensin—aldosterone system (RAAS) blockers, angiotensin-
converting enzyme inhibitors (ACEIs) and angiotensin receptor blockers (ARBs) have been
the only drug choices for the treatment of DKD [9]. The above treatment has limited efficacy
in preventing the progression of DKD. With the development of therapeutic targets for
DKD, new therapeutic drugs for DKD are being clinically applied.

2.1. Renin—Angiotensin—Aldosterone System Blockades

RAAS inhibitors are the oldest and most advanced drugs used for the treatment
of DKD. In many clinical trials, RAAS inhibitors have been proven to effectively treat
DKD. ACEIs and ARBs can reduce glomerular hypertension, prevent structural damage
to glomeruli, and reduce proteinuria levels by blocking the formation and function of
angiotensin II [10]. These drugs have been shown to have renal and cardiovascular protec-
tive functions [11] and can prevent the progression of renal dysfunction in patients with
diabetic or nondiabetic kidney disease [12].

2.2. Mineralocorticoid Receptor Antagonists

The activation of mineralocorticoid receptors can lead to renal inflammation and fibro-
sis reactions [13], whereas MRAs inhibit aldosterone binding and its subsequent biological
effects by inducing different conformational changes in the mineralocorticoid receptor [14].
Clinical trial results suggested that finerenone, a novel nonsteroidal MRA, reduced the risk
of renal damage and cardiovascular events in patients with DKD. Guidelines recommend
the use of nonsteroidal MRAs as an adjunct therapy in patients with normal potassium
levels <4.8 mmol/L, who are already taking SGLT2 inhibitors and RAAS blockers, as well
as in patients at high risk of DKD progression with proteinuria (>30 mcg/mg) [13,15].

2.3. Glucagon-like Peptide-1 Receptor Agonist

Glucagon-like peptide-1 (GLP-1) is an intestinal insulinotropic hormone secreted by
lower intestinal L cells that regulates glycemic levels by activating GLP-1R in the pan-
creas [4]. Research has shown that GLP-1R agonists exert renal protection in T2DM patients
by reducing proteinuria and improving the impaired estimated glomerular filtration rate
(eGFR) [16]. Recent experiments have further demonstrated the ability of GLP-1R agonists
to reduce the occurrence of cardiovascular complications in DKD patients, making this
drug a potential early option for use in DKD patients [9]. In addition, these drugs have the
additional benefit of inducing weight loss [9], and KDIGO recommends adding GLP-1R
agonists for patients who are already using metformin and SGLT2 inhibitors, but have not
achieved their glycemic control goals [17].

2.4. Sodium—Glucose Cotransporter 2 Inhibitors

SGLT?2 inhibitors are novel oral hypoglycemic drugs that activate the tubuloglomeru-
lar feedback mechanism to reduce glomerular hyperfiltration, especially when used in
combination with ACEIs or ARBs [18]. SGLT2 inhibitors can inhibit the reabsorption of
glucose in the proximal tubules and promote the excretion of urinary glucose [19]. In
addition, SGLT2 inhibitors reportedly reduce the production of circulating inflammatory
factors, such as interleukins (IL) -6, TNF receptor-1, and TNF receptor-2, and decrease
the production of ketones [20]. Many clinical trials have shown that SGLT2 inhibitors can
reduce the risk of DKD progression and renal failure, as well as heart failure, atherosclerotic
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cardiovascular disease and death [21-25]. SGLT2 inhibitors are now recommended as
first-line treatments for DKD patients.

3. Gene Therapy

The pathological process of DKD is complex, and the core mechanism involves inflam-
mation and oxidative stress induced by high glucose in the blood, resulting in damage to
tubules and glomeruli which ultimately leads to kidney injury and fibrosis [8]. Therefore,
the treatment of inflammation and oxidative stress is very valuable in DKD, which may
lead to a potential new strategy for DKD treatment.

3.1. Inflammation-Based Gene Therapy

Increasing evidence shows that inflammation is a key factor in the pathogenesis of
DKD [26,27]. In recent years, regulating the inflammatory response has become a new
method to prevent the development of DKD. At present, therapeutic targets based on in-
flammatory molecules, including chemokines, adhesion factors, cytokines, and intracellular
signaling pathways involved in inflammatory responses have been surveyed [28].

3.1.1. Adhesion and Chemokine Molecules Inhibition

Adhesive molecules are proteins on the surface of cells that participate in binding cells
together or attaching them to the extracellular matrix [27]. Research has shown that various
adhesion molecules, such as ICAM1, VCAM-1, and VAP-1, are involved in the occurrence
and development of DKD, mainly by increasing the excretion of urinary proteins [29-31].
At present, treatments for adhesion factors remain limited. A Phase II clinical trial revealed
that the oral VAP-1 inhibitor ASP8232 could delay the progression of kidney injury [32].

Chemokines and their receptors are soluble small-molecule proteins that play crucial
roles in mediating the migration of immune cells to renal tissue and subsequently triggering
inflammatory responses [33]. In DKD, the chemokine C-C motif-ligand 2 (CCL2), drives the
recruitment of T cells and macrophages to the kidneys, and promotes the occurrence and
development of DKD by binding to chemokine receptor 2 (CCR2) [34]. A Phase II clinical
trial revealed that emapticap pegol could improve proteinuria and exert renal protection
by blocking the CCL2-CCR2 signaling pathway [35]. In addition, CXCL12, a chemokine
produced by podocytes, has also been reported to cause proteinuria and glomerulosclerosis
in diabetic mice. NOX-A12, a CXCL12-specific inhibitor, can improve proteinuria and
glomerulosclerosis in db/db mice [36]. However, relevant clinical research needs to be
carried out.

3.1.2. Inhibiting Inflammatory Cytokines

Cytokines, including interleukins and interferons, are immune modulators that play
a vital role in the occurrence of DM-related complications. Currently, many cytokines
are involved in DKD research, including IL-1§3, IL-18, and TNF-« [37], which trigger an
inflammatory response in DKD. Specific compounds that target these inflammatory factors
have been reported. Research has shown that alprostadil and thrombomodulin lectin
domains alleviate inflammation in DKD by inhibiting the expression of IL-18 [38,39]. The
inhibition of TNF-« with infliximab could reduce the excretion of urinary albumin in
a streptozotocin (STZ)-induced diabetic rat model [40]. Neutralizing IL-1 antibodies
improved the level of blood glucose and reduced inflammation in T2DM patients by
restoring insulin production [41]. However, a clinical trial suggested that canakinumab, an
inhibitor of IL-13, did not provide significant clinical benefits or cause substantial harm
in patients with chronic kidney disease (CKD) [42]. Anti-inflammatory therapy targeting
specific molecules may be a promising treatment strategy for DKD.

3.1.3. JAK/STAT Inhibitors

Numerous studies have shown that the Janus kinase (JAK)/signal transducer and
activator of transcription (STAT) signaling pathway is associated with the progression
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of DKD. JAK/STAT mediates the occurrence and development of DKD by inducing the
transcription of genes that encode inflammatory factors, adhesion molecules, growth
factors, extracellular matrix proteins, and pro-oxidant enzymes [37]. At present, many
selective compounds, such as AG-490 which targets JAK2, fludarabine which targets STAT1,
and nifuroxazide which selectively acts on STAT3, have been reported to alleviate kidney
damage by inhibiting hyperglycemia-induced damage to the kidney [43-45]. A Phase
IT clinical trial revealed that balitinib, a selective inhibitor of JAK1 and JAK2, reduced
proteinuria in DKD patients [46]. These findings suggest that targeting JAK/STAT has
broad prospects in the treatment of DKD.

3.1.4. Inhibition of NF-kB

NF-«B is a key transcription factor in the pathogenesis of the inflammatory response
in DKD, and activation of NF-«kB can induce the expression of various inflammatory
mediators, which play an important role in the pathogenesis of DKD [47]. Celastrol, an
inhibitor of NF-kB, can improve insulin resistance and play an anti-inflammatory role,
making it a new useful method for treating DKD [48]. In addition, the NF-«B inhibitor,
BAY 11-7082 and a small molecule analog of resveratrol, have been reported to reduce renal
inflammation in mouse models of DKD by inhibiting the activation of NF-«B, exerting
renoprotective effects. However, owing to the complexity of NF-kB signaling [49,50], a
clinical study revealed that PTX indirectly inhibited the activity of downstream NF-«B
signaling by suppressing phosphodiesterase activity and activating protein kinase A/cAMP
response element binding protein, reducing the progression of proteinuria in DKD [26,51].
At present, specific drugs that target NF-«B still need further research.

3.2. Antioxidative Gene Therapy

The oxidative stress process during DKD is caused by increased reactive oxygen
species (ROS) induced by peroxidase in a high-glucose environment, accompanied by
the depletion of antioxidants, which results in an imbalance of the oxidative/antioxidant
system and causes cell and tissue damage [52]. The regulation of antioxidant genes is
highly important for controlling the occurrence and development of DKD.

3.2.1. NOX Inhibitors

Nicotinamide adenine dinucleotide phosphate (NADPH) oxidase (NOX) is the most
important source of ROS in diabetic patients [53]. Inhibiting NOX expression can reduce
the production of ROS and is considered a new option for the treatment of DKD. Animal
experiments revealed that the deletion of the NOX4 gene in DKD mice significantly reduced
the production of ROS in the renal cortex and protected the kidney from damage [54].
GKT137831 is a small molecule inhibitor of NOX1 and NOX4. GKT137831 provided a
similar degree of renal protection as NOX4 knockout in diabetic mice [55]. However,
in a clinical trial, it failed to effectively reduce proteinuria (NCT02010242). Recently, a
new pan-nitrogen oxide inhibitor, APX-115, was shown to reduce proteinuria, glomerular
hypertrophy, renal tubular injury, podocyte injury, fibrosis, inflammation and oxidative
stress to prevent renal injury in diabetic mice [56]. However, further clinical trials are
needed to evaluate the clinical benefits of APX-115 for DKD patients.

3.2.2. AGE Inhibitors

Under high-glucose conditions, the body produces a large amount of advanced glyca-
tion end products (AGEs), which subsequently bind to AGE receptors (RAGE) to active
downstream target molecules, such as NOX, and produce a large amount of ROS [52]. AGE
inhibitors, such as aminoguanidine, pyridoxamine, and alagebrium, have been shown to
protect the kidneys. However, these therapies have not yet been translated into clinical
practice. Another method for targeting the AGE/RAGE axis is focused on inhibiting the
biological activity of AGEs by interfering with RAGE. RAGE inhibitors, such as azeliragon,
have been developed for the treatment of Alzheimer’s disease [57]. In 2018, a Phase II
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randomized controlled trial was launched on the effects of green tea extract on soluble
RAGE and kidney disease in patients with T2DM (NCT03622762), but the status of this
study remains unclear.

3.2.3. Activation of Nrf2 Pathways

Nrf2 is a key regulatory factor in the cellular antioxidant response. When cells are
stimulated by ROS, Nrf2 enters the nucleus and can activate the expression of various
downstream target proteins, such as heme oxygenase-1 and superoxide dismutase. These
activated target proteins can regulate the redox balance in the body, to restore the body
from an oxidative state to a normal level [58]. In vitro experiments have shown that
Nrf2 knockout induces ROS production by upregulating the expression of NOX2 [59]. In
diabetic mouse models, dietary supplementation with Nrf2-targeted compounds, such as
sulforaphane or cinnamic aldehyde, can alleviate the progression of DKD by reducing the
oxidative stress response [60]. Bardoxolone methyl is an activator of Nrf2, whereas a Phase
3 study (AYAME study) in patients with DKD was terminated because the early instances of
heart failure in patients participating in the study were surprisingly increased [61]. Further
in-depth studies of novel Nrf2 regulators are highly valuable.

3.3. Antifibrotic Therapy

The inflammatory response and oxidative stress are also involved in activating the
excessive production and deposition of extracellular matrix proteins in renal tissue, leading
to renal fibrosis, which is the main outcome of almost all CKD cases and causes irreversible
kidney damage. The TGF-f31 signaling pathway is the core molecule of renal fibrosis
in DKD and can regulate fibrosis by promoting the overexpression of the extracellular
matrix, which enhances the dedifferentiation of tubular epithelial cells and glomerular

endothelial cells, and promotes cross-linking between collagen and elastin fibers [4,62].

The renoprotective effects of conventional therapies for DKD, such as RAAS inhibitors
(including ACEIs, ARBs, and MRAs) are, at least partially, attributed to a reduction in
TGEF-f3 signaling. In animal experiments, TGF-3 neutralizing monoclonal antibodies and
drugs such as pirfenidone effectively alleviated renal fibrosis by reducing the activity of
the TGF-f31 gene promoter and the release of the TGF-f31 protein in DKD [63-65]. Due to
the complexity of TGF-f3 molecules, targeting them may inhibit important physiological
functions, such as systemic anti-inflammatory activity. Therefore, current efforts have
shifted toward targeting the intrinsic downstream components and molecules that can
affect the profibrotic activity of the TGF-3 pathway, such as SMAD proteins and related
miRNAs [66]. A new strategy for reducing pathologically high levels of TGE-{ activity to
physiological levels has potential value for developing more effective and safe treatment
methods to specifically delay the progression of DKD [66].

Overall, gene therapy can modify specific genes, which is expected to completely
cure the disease, and an increasing number of clinical trials that target related genes are
being conducted (Table 1). However, gene therapy still has limitations, theoretical research
on gene therapy is still relatively weak, and gene technology is difficult, unstable, and
has significant differences in effectiveness. Developing other novel treatment strategies to
provide more possibilities for the prevention and treatment of DKD is necessary.

Table 1. Summary of selected clinical trials evaluating molecular therapies with anti-inflammatories
and antioxidants in DKD.

Drug Proposed Effect Kidney Outcome Reference
ASP8232 Inhibit the activity of VAP-1, improve Reduced urinary ACR [32]
oxidative stress damage and cellular toxicity
Emapticap pegol Inhibit the pro-inflammatory chemokine C-C Improved the ACR and HbAlc [35]

motif-ligand 2
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Table 1. Cont.

Drug Proposed Effect Kidney Outcome Reference
Baricitinib Inhibit the inflammation signal JAK1/JAK2 Decreased albuminuria [46]
. . . Improved glycemia, decreased
Gevokizumab Anti-IL-18 antibody inflammation in diabetic patients [41]
Improved renal function, but the
Bardoxolone methyl An activator of Nrf2 study was terminated because of [61]
increased early heart failure events

Pirfenidone Inhibit the activity of TGF-$1,2,3 Increased eGFR [65]
Pentoxifylline Downregulate NF-«B signaling Reduced proteinuria [51]

GKT137831 Inhibitor of NOX 1/4 Failed to reduce albuminuria NCT02010242
Canakinumab Inhibitor of IL-1p Neither clinical benefit nor [42]

substantial harm
Green tea Interference with AGE receptor No status of the study NCT03622762

ACR: albumin-to-creatinine ratio, HbAlc: glycosylated hemoglobin type A1C, VAP-1: vascular adhesion protein-1,
Nrf2: nuclear factor erythroid 2-related factor 2, JAK: Janus kinase, NOX: Nicotinamide adenine dinucleotide
phosphate oxidase, eGFR: estimated glomerular filtration rate, AGE: advanced glycation end product.

4. MiRNA Therapy

MiRNAs are single-stranded small-molecule RNAs that are highly conserved, tissue
specific and tissue targeted [67]. MiRNAs in the human genome regulate more than 60% of
human protein-coding genes [68] and regulate gene expression at the post-transcriptional
level by forming RNA-induced silencing complexes that recognize the 3’ UTRs of target
mRNAs. They degrade target mRNAs when fully paired and inhibit translation when
incompletely paired, resulting in negative regulation of target genes [69]. MiRNAs have
been shown to regulate various biological processes and are closely related to the occurrence
and development of DKD [70]. Currently, various RNA family members, such as the miR-
192, miR-21, and miR-29 families, are reportedly specifically overexpressed in DKD renal
tissue and play key roles in regulating glomerular basement membrane injury, mesangial
damage, podocyte damage, and renal interstitial fibrosis [71]. Although clinical studies
targeting miRNAs in DKD are limited, laboratory findings provide new possibilities for
small-molecule therapy in DKD. Thus, miRNA inhibitors, agonists, and mimics that control
the expression levels of miRNAs can be developed for use in DKD patients in the future [72].

4.1. MiRNA Inducers

MiRNA inducers are small molecules that can upregulate the expression of target
miRNAs. At present, many studies have focused on the role of miRNA inducers in
protecting renal function in DKD. Triptolide is a monomeric compound, that is isolated
from traditional Chinese medicine. Han et al. reported that triptolide could induce the
expression of miRNA-137, reduce the level of proteinuria in DKD rats by inhibiting the
activation of the Notchl pathway, and improve glomerulosclerosis [73]. Linagliptin, a
dipeptidyl peptidase-4 inhibitor, can delay the progression of renal fibrosis by increasing
the level of miR-29a [74]. C66, a new analog of curcumin, has been reported to increase
the expression of miR-200a, upregulate the level of Nrf2, reduce renal oxidative damage
caused by DM, and play an important role in renal protection [75]. Currently, more clinical
trials are needed to validate the efficacy of drugs based on miRNA induction, and drugs
that induce the high expression of miRNAs with protective effects will provide us with
another option for treating DKD.

4.2. MiRNA Mimics

MiRNA mimics are double-stranded RNA oligonucleotides that mimic endogenous
miRNAs. They play a vital role in enhancing or rebuilding endogenous miRNAs [76].
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MiRNA mimics with nucleotide sequences are similar to mature miRNAs and can be
effectively delivered to cells through lipid reagents or electroporation and then bind to
specific genes and to regulate the expression of miRNAs [77,78]. Many studies have focused
on the potential application prospects of miRNA mimics in DKD. Cheng et al. reported
that supplementation with miR-122-5p mimics could alleviate renal tubular injury and
interstitial fibrosis in STZ-induced DKD model mice, reduce urinary creatinine levels, and
exert renoprotective effects [79]. Bai et al. reported that the transfection of miRNA-20
mimics could inhibit high glucose-induced inflammation and apoptosis in renal tubular
cells, alleviate high glucose-induced damage to renal tubular cells, and serve as a potential
therapeutic target for DKD [80]. Clinical trials related to miRNA mimics are already
underway, with MRG-201 (an LNA miRNA-29b mimic) inhibiting collagen expression
and fibrosis development in skin incision wounds by restoring the levels of targeted
miRNAs [81]. In addition, MRX34 (a miRNA-34a mimic) has also entered clinical trials for
hepatocellular carcinoma, renal cell carcinoma, and melanoma [82]. Therefore, regulating
or administering protective miRNA mimics could become a new approach for the treatment
of DKD, with good research value and feasibility.

4.3. Small-Molecule Inhibitors

Some small molecules that inhibit or downregulate the expression of target miRNAs
are also used in research on DKD. Paclitaxel (used for cancer chemotherapy), a mitotic
inhibitor, has been shown to downregulate the expression of miR-192, thereby improving fi-
brosis in the residual kidney [83]. Hyperoside is the active component of Betula platyphylla
flowers and can improve glomerulosclerosis in DKD by downregulating miR-21 to increase
the expression of MMP-9 [84]. Wang et al. reported that Astragaloside IV (a bioactive
saponin extracted from Astragalus root) could inhibit the expression of miR-21 and miR-192
in DKD models and alleviate renal fibrosis by acting on the TGF-f31/Smad pathway [85,86].
Jia et al. reported that icariin (dried stem and leaf extracts of epimedium) promoted the
expression of GLP-1R by downregulating miR-192-5p and exerting renal protection by
regulating glucose metabolism [87]. The above research suggests that high-throughput
screening of drugs that can reduce the expression of miRNAs may be another option.

4.4. MiRNA Sponges

MiRNA sponges are RNA structures that contain multiple miRNA binding sites, that
bind miRNAs and prevent them from performing their functions. Source mRNA targets are
used to manipulate miRNAs at the cellular level [88]. By subcloning the miRNA binding
site into a vector containing 50 and 30 stem loop elements of the U6 snRNA promoter,
the sponge can be introduced into cells [89]. Research has shown that the expression of
the miR-21 sponge inhibits endogenous miR-21, prevents high glucose-induced PTEN
downregulation and Akt phosphorylation, and reduces the expression of fibronectin in
the kidney [90].Moreover, circRNAs, which are covalently closed RNA loops produced by
reverse-splicing pre-mRNAs, can also act as miRNA sponges [91]. Peng et al. reported
that circRNA_010383, a natural sponge of miRNA-135a, inhibited the function of miR-135a
by directly binding to miR-135a, leading to proteinuria and renal fibrosis in DKD [92].
Another type of circRNA, circ-AKT3, can act as a sponge of miR-296-3p to reduce the
proliferation and fibrosis of mesangial cells in DKD [93], which provides a potential basis
for the construction of additional miRNA sponges. At present, an increasing number of new
strategies are being used to modify and reverse pathological changes in miRNA expression.
In-depth research on miRNA sponges will undoubtedly promote the development of new
therapeutic methods.

4.5. Anti-miRNA Oligonucleotides

Antisense oligonucleotide (ASO), also referred to as an antagomir, is a method
that mainly blocks miRNA binding to target sequences by providing perfectly matched
antisense nucleotide chains. Chemical modifications, such as 2’ -O-methylation, 2/-O-
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methoxyethyl, 2" fluoro-chemistries and locked nucleic acids (LNAs), can be used to im-
prove the affinity of ASOs for target miRNAs and resistance to nuclease degradation in an
effort to stably and effectively deliver them into cells [71,94,95]. Among these modifications,
LNAs have the best affinity for binding to complementary RNA [96]. At present, relevant
animal experiments have revealed the enormous potential of anti-miRNA oligonucleotides
in the treatment of DKD. The injection of LNA-modified anti-miR-192 into diabetic mice,
effectively inhibited the expression of miR-192 and downstream miRNAs (miR-216a, miR-
217 and miR-200 families) and reduced the expression of collagen, TGE-f3, fibronectin and
p53, thereby alleviating renal fibrosis and proteinuria in DKD [72,97,98]. Antagomirs of
miRNA-27a and miRNA-132 have also been reported to reduce collagen deposition, inhibit
the progression of renal fibrosis, and alleviate the progression of DKD [99,100]. In addition,
knocking down miR-29¢ with a specific 2’-O-methylation-modified ASO significantly re-
duced proteinuria and the accumulation of the renal mesangial matrix in DKD model mice,
thereby reducing the incidence of DKD [101]. Notably, relevant clinical drugs have also
entered the clinical trial stage. Miravirsen (LNA and phosphorothioate-modified antagomir
targeting miR-122) and RG-012 (2’-o-methoxyethoxy-modified antagonist targeting miR-21)
have shown efficacy in treating hepatitis C [102,103]. The targeted and specific regulation of
miRNAs through anti-miRNA oligonucleotides may be a new approach for treating DKD.
The development of effective delivery methods and mechanisms targeting specific
renal cell populations is an important challenge for successfully translating miRNAs into
clinical applications. In addition, the combination of miRNAs with existing treatment meth-
ods such as ACEi and ARBs has provided new therapeutic potential, and further research
is necessary to determine whether these combinations can exert synergistic effects [104].

5. Stem Cell Therapy

Stem cells are primitive undifferentiated cells with self-replication and multipotent
differentiation potential [105]. Stem cells can be classified into embryonic stem cells, adult
stem cells, and induced pluripotent stem cells based on their origin [106]. Adult stem cells
can be further divided into endothelial progenitor cells, mesenchymal stem cells (MSCs),
and osteogenic stem cells. Research has shown that stem cells can protect the kidneys
through direct differentiation, paracrine effects, and other mechanisms. Stem cells can
migrate to damaged tissues or organs, and in the treatment of kidney diseases, they can
differentiate directly into intrinsic renal cells or secrete a series of bioactive molecules
through paracrine mechanisms, regulate the microenvironment, inhibit inflammatory
reactions, and alleviate kidney tissue damage [107,108]. In recent years, many scholars
have explored the effectiveness and mechanism of stem cell therapy for DKD.

5.1. Mesenchymal Stem Cell Therapy

Common stem cell therapies mainly utilize MSCs, which not only have the ability
to migrate to damaged tissue sites but also have strong immunosuppressive effects [105].
Therefore, the use of mesenchymal cells is expected to become an effective method for
treating DKD. According to their isolation sources, MSCs can be derived from adipose
tissue, bone marrow, placenta, or the umbilical cord [106].

5.1.1. Bone Marrow-Derived Mesenchymal Stem Cells

Bone marrow mesenchymal stem cells (BMSCs) can be obtained from bone marrow
by isolating monocytes. In recent years, many scholars have explored the efficacy and
mechanism of BMSCs in treating DKD. BMSCs can also exert renoprotective effects by
regulating the levels of blood glucose. Lv et al. reported that BMSCs could inhibit glucose
uptake mediated by GLUT1 and lower blood glucose levels, thereby suppressing oxidative
stress, reducing urinary albumin excretion, and improving glomerulosclerosis [109].

Pan et al. transplanted BMSCs into diabetic tree shrews via intravenous infusion,
which increased their insulin level and decreased their postprandial blood glucose, blood
creatinine and urea nitrogen levels [110]. In addition, BMSCs alleviate DKD by regulating

133



Int. J. Mol. Sci. 2024, 25, 10051

immune cells. BMSCs can significantly downregulate the expression of transcription
factors necessary for the development of CD103+ DCs, inhibit DC maturation, reduce
the expression of inflammatory factors and chemokines, inhibit CD8+ T-cell proliferation,
and confer renal protection [111]. BMSCs promote macrophage differentiation into the
M2 phenotype and alleviate the inflammatory response in DKD model mice by activating
the transcription factor EB [112]. In addition, Lv et al. reported that the implantation of
BMSCs could effectively reduce blood glucose and improve renal function in DKD mice
and could also inhibit the TGF-f3 /Smad signaling pathway through the secretion of bone
morphogenetic protein 7, improving glomerular fibrosis [113].

5.1.2. Umbilical Cord Mesenchymal Stem Cells

MSCs derived from the umbilical cord have lower immunogenicity, greater pro-
liferation potential and differentiation ability, a faster self-renewal ability, and broader
application prospects [114]. In STZ-induced diabetic mice, Li et al. reported that repeated
injection of umbilical cord MSCs could inhibit TGF-p1-triggered myofibroblast differentia-
tion through paracrine action and increase the levels of MMP2 and MMP9, thereby reducing
the deposition of fibronectin and collagen I and alleviating proteinuria, glomerular injury,
and fibrosis in DKD mouse models [115]. In addition to inhibiting fibrosis during the
process of DKD, scholars have reported that MSCs in DKD could reduce cell death and
delay disease progression through antiapoptotic effects [116]. Moreover, MSCs prevent the
progression of DKD by inducing Argl expression in macrophages, which subsequently re-
duces mitochondrial dysfunction in tubular epithelial cells [117], to improve blood glucose
control and anti-inflammatory activity [118].

5.1.3. Placenta-Derived Mesenchymal Stem Cells

Placenta-derived mesenchymal stem cells (PMSCs) are favored because of their ac-
cessibility and lack of associated ethical issues [119]. Wang et al. reported that PMSCs
could be recruited into immune organs to promote Th17/Treg balance in the kidneys and
blood of DKD rats by acting on the PD-1/PD-L1 pathway, which reduced the levels of
proinflammatory cytokines (IL-17A and IL-1f3) and improved renal function and patho-
logical damage in DKD rats [120]. In addition, Han et al. reported that PMSCs could also
regulate molecular pathways to exert renoprotective effects. Injecting PMSCs into DKD
rats activated the expression of the SIRT1-PGC-1a-TFAM pathway to alleviate podocyte
damage and mitochondrial autophagy inhibition [121].

5.1.4. Adipose-Derived Mesenchymal Stem Cells

Because of their abundance in vivo, adipose-derived mesenchymal stem cells (ADM-
SCs) have become an attractive cell source [122,123]. ADMSC transplantation may alleviate
cell apoptosis and improve renal histology to alleviate DKD damage by activating klotho
and inhibiting the Wnt/3-catenin pathway [124]. Yang et al. investigated the effect of
ADMSCs combined with empagliflozin (EMPA) on DKD, and the results showed that
ADMSC-EMPA combined therapy protected renal function and ultrastructural integrity in
DKD mice better than monotherapy [125]. However, the retention and survival rates of
ADMSCs are low in the kidneys. Therefore, scholars constructed ADMSC sheets to extend
the survival time of ADMSCs in the kidneys, which allowed these cells to play a protective
role in maintaining the renal tubular structure [126].

5.1.5. Mesenchymal Stem Cell-Derived Exosomes

Exosomes are extracellular vesicles with a diameter of 30 to 150 nanometers secreted
by MSCs [127]. In kidney disease, in addition to their ability to function as stem cells them-
selves, MSC-derived exosomes can carry complex molecular cargo such as proteins, lipids,
and nucleic acids (DNA, miRNA, and circRNA), to regulate cell apoptosis, proliferation,
and immune response [108,128]. At present, extracellular vesicles from different sources of
MSCs have been studied in DKD. Ebrahim et al. reported that BMSC-derived exosomes
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improved the autophagy of tubular cells in DKD mice by inhibiting the expression of ra-
pamycin targets, reducing fibrosis, and improving kidney function [129]. The intravenous
injection of extracellular vesicles derived from human umbilical cord MSCs could reduce
blood glucose levels and improve insulin resistance in diabetic rats, indicating their po-
tential application value in DKD [130]. Extracellular vesicles derived from ADMSCs have
the potential to become intervention targets for DKD treatment by alleviating podocyte
apoptosis, reducing the level of blood glucose in DKD mice, and inhibiting mesangial
proliferation and renal fibrosis [131,132].

5.2. Other Types of Stem Cell Therapies

Induced pluripotent stem cells (iPSCs) are pluripotent cells formed by reprogramming
terminally differentiated somatic cells with specific transcription factors, similar to human
embryonic stem cells. Given the high differentiation ability of iPSCs, they can be induced
to differentiate into renal tubular cells and podocytes [133]. Raikwar et al. generated
endodermal cells from human iPSCs by treating them with activin A and induced them
to differentiate into three-dimensional islet cell clusters through a series of growth factors.
IPSCs reportedly play a vital role in improving the blood glucose level of diabetic mice [134].
Embryonic stem cells (ESCs) are a type of multipotent cell derived from the cell population
within the blastocyst that can be induced into renal cells through a series of determined
growth factors or inducers [135,136], indicating the potential for transplantation and regen-
erative therapy of damaged kidneys [108]. Currently, research on the treatment of DKD
with iPSCs and ESCs remains in the early experimental stage. In addition, pancreatic Ngn3
stem cells can differentiate into mature beta cells within the pancreas, which can secrete
insulin and maintain blood glucose stability in the body [137]. Intensive insulin therapy
can reduce the occurrence of microalbuminuria, pancreatic stem cells may become the cell
source for pancreatic islet formation [138,139], providing a new approach for the treatment
of DM.

Stem cells have a wide range of sources, and autologous stem cells do not have
immune rejection reactions, providing prospects for clinical applications. However, further
research is needed to evaluate their therapeutic effects. The transplantation of stem cells
will provide more options for the treatment of DKD.

6. Gut Microbiota-Targeted Therapy

The plethora of different types of bacteria in the intestine are collectively referred to
as the gut microbiome. The disturbance of the intestinal flora plays an important role in
the pathogenesis of DKD, which may be attributed to several factors [140]. For example,
uremia in patients with CKD affects the composition and metabolism of the intestinal
flora. Intestinal ecological imbalance may cause damage to the epithelial barrier, ultimately
leading to increased exposure of the host to endotoxins [141]. Moreover, the large amount
of proinflammatory and nephrotoxic substances produced by gut microbiota can trigger
local inflammation in the kidneys, leading to a decrease in the eGFR [142]. Uremic toxins,
such as p-cresyl sulfate, trimethylamine-N-oxide, and indoxyl sulfate, originate from
microbial metabolism, and their accumulation exacerbates damage to the kidneys and
cardiovascular system [143]. Intervening in the human gut microbiome is expected to
become an effective treatment for alleviating DKD. Currently, many scholars are focusing
on the role of regulating the gut microbiome to treat DKD, mainly with dietary strategies,
probiotic and prebiotic treatment, and fecal microbiota transplantation (FMT) methods.

Diet is the main exogenous factor affecting the composition of the gut microbiome.
Short-chain fatty acids (SCFAs), which are considered to play a key role in microbial host
crosstalk, are the main metabolites produced by bacterial fermentation of dietary fiber.
Research has shown that SCFAs can alleviate the inflammatory response in renal ischemia-
reperfusion injury [144]. Li et al. reported that a high-fiber diet could improve the degree
and probability of DKD development in a mouse model. Dietary fiber can prevent DKD by
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regulating the intestinal flora, enriching bacteria that produce SCFAs and increasing the
production of SCFAs [145].

Probiotics and prebiotics are commonly used to regulate the gut microbiome. Probi-
otics are living microorganisms that synthesize multiple vitamins to improve the balance
of host gut microbiota. Prebiotics, regulating the composition of gut microbiota and ben-
efiting the human health, are ingredients of fermented food [146]. Many scholars have
reported the positive effects of probiotic or prebiotic supplementation in CKD patients,
including reduced uremic toxins and blood glucose levels, a restructured gut microbiome,
and reductions in oxidative stress and inflammation [146,147]. In DKD patients, Dai et al.
reported that probiotics could delay the progression of renal dysfunction, improve glucose
and lipid metabolism, and reduce symptoms and oxidative stress [148].

Intestinal FMT is a process by which the gut microbiome of a healthy donor is trans-
ferred into a recipient to introduce or restore a stable gut microbiome. Previous studies
have shown that FMT can prevent diabetic patients from gaining weight, reduce protein-
uria and local intestinal inflammation, and improve insulin resistance [149]. Shang et al.
reported that the level of uremic toxins in DKD mice significantly decreased and that
DKD lesions gradually improved after the transplantation of feces from healthy mice [150].
In a mouse model of DKD, Bastos et al. reported that FMT could prevent weight gain,
reduce albuminuria and local intestinal inflammation, and improve insulin resistance [149].
Because the mechanisms underlying the effects of FMT in humans are complex, the clinical
applicability of FMT needs to be verified in clinical trials.

In general, the understanding of the relationship between the gut microbiome and
DKD is in its infancy. It is still unclear which gut microbiota play a beneficial role and
which play a harmful role in DKD. Further research is needed on the dosage, treatment
duration, and long-term effectiveness of various bacterial colonies. Before gut microbiota-
targeted therapy can be systematically used to treat or prevent DKD, additional research is
needed [151].

7. Lifestyle Intervention

Except for the therapy methods discussed above, lifestyle management has also grad-
ually gained attention in the treatment of DKD, including smoking cessation, exercise,
weight loss and so on. Obesity can increase insulin resistance, activate inflammation
and increase oxidative stress [152].Bolignano et al. found that weight loss could signifi-
cantly reduce albuminuria and proteinuria in diabetic patients undergoing weight loss
surgery [153].Therefore, weight loss is an important method to treat DKD. Physical activity
is a basic component of lifestyle management in diabetic care. Research found that regular
moderate and high-intensity physical activity is associated with a reduction in incidence
rate and progression of DKD, as well as cardiovascular events and mortality. A compara-
tive study in CKD patients (including DKD patients) suggested that exercise could reduce
the decline in eGFR by approximately 0.5% annually for every 60-min increase in weekly
activity duration [154].Smoking can lead to the progression and deterioration of DKD.
Fedoroff et al. found that smoking is a risk factor for the progress of DKD, and the risk is
increased with increased smoking dose [155]. Quitting smoking has been recommended
in KDIGO for DKD patients [156]. Lifestyle intervention is also an important treatment
method for DKD patients.

8. Conclusions

Several challenges exist in the molecular diagnosis and treatment of DKD. Firstly,
the description of endpoints in DKD mainly include a decline in eGFR, the need for
dialysis or transplant, and mortality. It is of great significance to explore more rational
evaluation indicators of endpoints for DKD, such as proteinuria, to assist in evaluating the
effectiveness of clinical interventions. Secondly, different phenotypes including proteinuric
and non-proteinuric manifestations exist in DKD, and the specific diagnosis and treatment
of the two different phenotypes requires further exploration. Thirdly, novel biomarkers
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that can not only predict the progression of DKD but also accurately reflect the response to
current treatments are needed. However, novel biomarkers applied in clinical practice are
still scarce and require further research.

Currently, although several novel drugs, such as RAS blockers, SGLT2 inhibitors,
and MRAs, have shown clinical benefits for DKD, the current treatment options still
have a limited ability to prevent the progression of kidney disease and reduce the risk of
complications and death in DKD patients. Therefore, it is highly important to explore new
treatment methods and optimize treatment strategies for controlling the progression of
DKD. This review introduces new treatment strategies, including gene therapy, stem cell
therapy, miRNA therapy, gut microbiota-targeted therapy and lifestyle intervention, which
have the potential to usher in a new era of DKD management that improves angiopathy,
kidney function, and survival rates (Figure 1). However, more multicenter, large-scale
prospective clinical studies are urgently needed to verify the prognostic impact of these
novel therapeutics on DKD patients. Hopefully, an increasing number of drugs will enter
clinical trials to provide new ideas for the treatment and intervention of DKD and to inhibit
the development of DKD into ESRD.
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Figure 1. Current and potential targets for therapeutic interventions of DKD. Abbreviations:
RAS: renin—-angiotensin-aldosterone system; MRAs: mineralocorticoid system; SGLT2: sodium—
glucose cotransporter 2; GLP-1R: glucagon-like peptide 1 receptor; JAK/STAT: Janus kinase/signal
transducer and activator of transcription; NOX: nicotinamide adenine dinucleotide phosphate oxi-
dases; AGE: advanced glycation end product; Nrf2: nuclear factor erythroid 2-related factor 2; IPSC:
induced pluripotent stem cells; ESC: embryonic stem cell; FMT: fecal microbiota transplantation.
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Abstract: Introduction: According to the Institute of Environmental Sciences, endocrine-disrupting
chemicals (EDCs) are “natural or human-made chemicals that may mimic, block, or interfere with
the body’s hormones, associated with a wide array of health issues”, mainly in the endocrine system.
Recent studies have discussed the potential contribution of EDCs as risk factors leading to diabetes
mellitus type 1 (T1DM), through various cellular and molecular pathways. Purpose: The purpose
of this study was to investigate the correlation between the EDCs and the development of TIDM.
Methodology: Thus, a 5-year systematic review was conducted to bring light to this research question.
Using the meta-analysis and systematic review guideline protocol, a PRISMA flow diagram was
constructed and, using the keywords (diabetes mellitus type 1) AND (endocrine-disrupting chemicals)
in the databases PubMed, Scopus and ScienceDirect, the relevant data was collected and extracted
into tables. Quality assessment tools were employed to evaluate the quality of the content of each
article retrieved. Results: Based on the data collected and extracted from both human and animal
studies, an association was found between T1DM and certain EDCs, such as bisphenol A (BPA),
bisphenol S (BPS), persistent organic pollutants (POPs), phthalates and dioxins. Moreover, based
on the quality assessments performed, using the Newcastle-Ottawa Scale and ARRIVE quality
assessment tool, the articles were considered of high quality and thus eligible to justify the correlation
of the EDCs and the development of TIDM. Conclusion: Based on the above study, the correlation
can be justified; however, additional studies can be made focusing mainly on humans to understand
further the pathophysiologic mechanism involved in this association.

Keywords: Endocrine Disrupting Chemicals (EDCs); Diabetes Mellitus Type 1 (T1DM); phthalates;
Persistent Organic Pollutants (POPs); bisphenol A (BPA)

1. Introduction
1.1. Endocrine Disrupting Chemicals

Endocrine-disrupting chemicals (EDCs) are substances present in the environment
such as soil, air and water and in food sources. They can also be found in manufactured and
cosmetic care products [1]. They are found in their natural form or are human-produced
and have the tendency to mimic, inhibit and intervene in the natural pathway of the human
body’s hormones and thus lead to a wide range of health pathological alterations [2].
Generally, EDCs can act in three main ways. They can act by mimicking human hormones
and inhibiting the natural purpose of a hormone in the physiologic pathway. The second
way of interfering is either by increasing or decreasing the hormones by affecting their
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metabolic and storing processes. Thirdly, ECDs can affect the level of sensitivity the human
body has to the various types of hormones. These kinds of alterations can lead to several
adverse effects on the health of an individual, such as diabetes mellitus (DM), obesity
and cardiovascular diseases (CVD), as well as growth restrictions and neurological and
cognitive disabilities [1,2]. EDCs are thoroughly distributed in our daily life and are found
in daily products such as cosmetics, seafoods, pesticides and packaging of children’s
toys [2].

1.2. Diabetes Mellitus

Diabetes mellitus (DM) is a group of metabolic diseases characterized by chronic
hyperglycemia due to disturbances in insulin secretion, insulin action in the form of
resistance, or a combination of these two. Inadequate insulin secretion and/or reduced
tissue response to insulin results in insufficient action of insulin on the targeted tissues,
leading to disruptions of carbohydrate, fat and protein metabolism. Both decreased insulin
secretion and insulin action may coexist in the same patient. While the etiology of diabetes
is heterogeneous, most cases of DM can be classified into two broad etiopathogenetic
categories. The first type is TIDM, which is mainly characterized by insulin secretion
deficiency, while T2DM results from a combination of resistance to insulin action and
the insufficient compensatory insulin secretion response. While TIDM remains the most
common form of diabetes in young people in many populations, especially those with a
European background, T2DM is becoming an increasingly important public health concern
worldwide, among children as well as in people with severe obesity [1,2].

1.2.1. Diabetes Mellitus Type 1

More specifically, T1DM, also known as juvenile diabetes or insulin-dependent di-
abetes, has been of particular concern in recent years, as the number of cases is ever
increasing, and is the most common type in children and adolescents. The Atlas of Diabetes
(7th edition) reports that its global prevalence is estimated at 415 million (8.8%), which
is projected to increase to 642 million over the next 25 years. In India, there are about
69.2 million people with diabetes, but this figure is expected to reach 123.5 million by
2040 [3]. The reason for the increase in the number of cases is still unclear, but there are
several risk factors that lead to predisposition to the development of T1DM, including
environmental factors, genetic factors, epigenetic factors, lifestyle and complications during
pregnancy, such as preeclampsia and infections [4,5].

1.2.2. Diabetes Mellitus Type 1 and EDCs (Figure 1)

Research that is based on the environmental factors playing a role in the etiology of
pancreatic islet autoimmunity focus mainly on the impact of viruses, inappropriate early
infant nutritional diet, high childhood weight gain, vitamin D deficiency, gut microbiome
and endocrine-disrupting chemicals (EDCs) [6].

EDCs are a group of exogenous compounds with high heterogeneity that can be
found naturally in living organisms or are synthesized industrially in food and consumer
products [6,7]. They can influence the development and function of beta cells or immune
system genes, promoting autoimmunity and increasing susceptibility to autoimmune
attack as -individual chemical agents or as chemical mixtures. However, there are only
a few conflicting human studies showing the possible role of exposure to EDCs in the
pathogenesis of TIDM. In addition, the presence of a familial form of mild diabetes during
adolescence should raise the suspicion of monogenic diabetes, which is responsible for 1%
to 6% of cases of childhood DM.

Furthermore, there is increasing evidence indicating a connection between exposure
to endocrine-disrupting chemicals (EDCs) and the development of various pancreatic
diseases, including type 1 diabetes mellitus (TIDM). This correlation is linked to the aryl
hydrocarbon receptor (AHR), which acts as a transcription factor that is activated by ligands.
The AHR plays a critical role in regulating essential cellular and molecular processes, such
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as the metabolism of foreign substances, immune responses and the formation of cancer.
Notably, in the developing pancreas of the embryo and in the early stages of life, a variety
of endocrine-disrupting substances (EDCs) function as agonists or antagonists of AHR,
causing dysregulation of critical cellular and molecular pathways and disturbance of the
endocrine system [8].

Agonists or Antagonists of AHR
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Endocrine Disruptors and Effect on the Pancreas

Figure 1. Endocrine disruptors and effect on the pancreas, created by BioRender.

1.2.3. Epidemiology

According to the International Diabetes Federation (IDF), 1 in 10 adults have DM
worldwide, while 3 in 4 people with DM live in low-income countries and 1 in 2 patients
with DM are not diagnosed. T1DM affects 1.2 million children worldwide. Moreover,
according to the IDF, there is an exponential increase in cases, especially in regions of the
world that are of lower socioeconomic status [9].

1.2.4. Stages of Diabetes Mellitus Type 1

T1DM is characterized by three stages. More precisely, at stage 1, the presymptomatic
stage, there are autoantibodies against islets (two or more types), and normal blood glucose.
The immune system at this stage has already begun to attack the beta cells of the pancreas;
however, blood sugar remains normal and symptoms do not yet appear. Subsequently, in
stage 2, in addition to the presence of autoantibodies there is abnormal glucose tolerance,
usually being presymptomatic, due to increasing beta cell loss/destruction. For both stages
(stage 1 and stage 2) the risk of developing T1DM approaches its peak. Finally, in stage
3, the clinical diagnosis of T1DM takes place, as blood glucose is now above diagnostic
limits, while at the same time the common symptoms of polyuria, polydipsia, weight loss
and fatigue appear. Clinical research supports the necessity of early diagnosis of TIDM
before stage 3, as the sooner the diagnosis is made, the sooner the intervention will be
made, reducing the occurrence of long-term complications [5-7].

1.2.5. Diagnostic Criteria of TIDM (Figure 2)

According to the World Health Organization (WHO), the presence of even a random
value of fasting plasma glucose >200 mg/dL in combination with the characteristic clinical
symptoms of diabetes make the diagnosis definitive. In addition, a fasting glucose value of
>126 mg/dL, as long as fasting lasts at least 8 h before the test, as well as the absence of
symptoms confirmation with a second test or a second sample, can result in a diagnosis of
diabetes. Another method employed to diagnose diabetes in recent years is glycosylated
hemoglobin Alc (HbAlc), a widely used marker for chronic glycemia that measures non-
enzymatic glycation of hemoglobin and reflects average blood glucose levels over a period
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of 2 to 3 months. If it is at an HbAlc level of >6.5% (according to an estimated average
glucose of 140 mg/dL), then the diagnosis is made again. Finally, there is the oral glucose
tolerance test (OGTT), which most of the time—especially for the diagnosis of T1D in
children and adolescents—is not necessary, but in cases of asymptomatic hyperglycemia
and investigation of abnormal glucose metabolism outside T1D the test is useful and should
be applied when appropriate. OGTT is performed after loading with 1.75 g of glucose per
kg of body weight (BS), with a maximum dose of 75 g of glucose. The diagnosis, therefore,
is definitive when the blood glucose value two hours after this test is >200 mg/dL [1,2].

TYPE 1 DIABETES MELLITUS
IN CHILDREN

SYMPTOMS

e MOST COMMON TYPE IN CHILDREN
o FREQUENT URINATION (BED WETTING)

e CONSTANT THIRST
e LOSS OF WEIGHT
e RANDOM BLOOD SUGAR TEST

» GLYCATED HEMOGLOBIN (A1C) TEST
e FASTING GLUCOSE TEST

LD,

-
/] ‘

TREATMENT

e TAKING INSULIN

* MONITORING BLOOD SUGAR
o EATING HEALTHIER FOODS
e DAILY EXERCISE

info@histologistas.com %
histologistos.com@

Figure 2. Symptoms, diagnostic criteria and treatment of T1IDM.

1.2.6. Basic Treatment Options for TIDM (Figure 2)

Regarding basic treatment options for TIDM, the initiation of subcutaneous insulin is
of utmost importance, in combination with intensive blood glucose monitoring, adoption
of a healthy diet and daily exercise. Many regimens of insulin injection intensity have been
proposed, with the main notion being the utilization of both a long-acting insulin (basal
insulin) and a rapid-acting insulin before meals [1,2].

2. Methods
2.1. Purpose of Study

The purpose of this study was to investigate the correlation between the development
of TIDM and EDCs. Thus, a 5-year systematic review was constructed to answer the
question raised.

2.2. PICO Table-PRISMA Flow Diagram—Table—Quality Assessment

The Population, Intervention, Control and Outcome (PICO) table was created to
facilitate and clarify the question more clearly. In addition, a PRISMA flow diagram was
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produced using the following keywords in the code: (diabetes mellitus type 1) AND
(endocrine disruptors). Then the databases PubMed, Scopus and Science Direct were
searched with the following criteria: duration in the last 5 years (2019-2024), the articles
had to be Reviews, Research, Articles and Case Reports, written in English and have open
access. Tables were then constructed with the most crucial information retrieved (Cohort
Studies, Basic Research, Literature Review) and quality assessments were performed
(Newcastle-Ottawa Scale, ARRIVE quality assessment tool) to check the accuracy of the
papers. The Newcastle-Ottawa Scale assessment is for cohort studies, with a scale of 0
(lowest) to 7 (highest). The second rating scale used was the ARRIVE scale, which is specific
to animal studies and ranges from 1 to 10.

3. Results
3.1. PICO Table

According to the PICO, the study population consisted of children, adolescents, and
young adults (10 to 22 years old), the risk factor was endocrine disruptors, as an incidence
of T1IDM and as a result endocrine disruptors as risk factors for developing TIDM (Table 1).

Table 1. Population, Intervention, Comparator, Outcome.

PICO

P Children and Adolescents and Young Adults (1022 years old)

I Endocrine-Disrupting Chemicals

C Diabetes Mellitus Type 1 (T1IDM)

o Endocrine Disrupting Chemicals as Risk Factors of Diabetes
Mellitus Type 1 (T1IDM)

3.2. PRISMA Flow Diagram

After the PRISMA flow diagram was created, the following results were found. A total
of 17,947 articles were found using the keywords (diabetes mellitus type 1) AND (endocrine
disruptors). Specifically, 37 articles were found in PubMed, 205 in Scopus and 17,705 in
Science Direct. After using the criteria, which are: in the last 5 years (2019-2024), the articles
had to be Reviews, Studies, Articles and Case Reports, written in English and have open
access, the automatic data engine removed 16,413 articles, leaving 1534 articles remaining.
These articles were studied, and 14 articles were removed as duplicates, leaving 1520. From
these, a total of 1505 articles were removed, specifically 189 articles were removed due to
low correlation based on title, 634 based on abstract, 671 based on total text and, finally,
11 since only abstracts were found. A total of 16 articles were selected from the databases.
An additional 6 articles from external sources were added to the total number, bringing the
final number to 22 articles (Figure 3). Three tables were then created that included the most
important information, more specifically, the names of the authors, the chronology and
type of articles, the groups with the highest correlation with T1DM, the types of endocrine
disruptors and their correlation with TIDM (Tables 2—4).

3.3. Quality Assessment
3.3.1. Newcastle-Ottawa Scale (NOS)

Firstly, the Newcastle-Ottawa Scale (NOS) was used to evaluate four nonrandomized
trials, of which two of the four, namely Salo HM, 2019 [10] and Lee, I, 2021 [11] had a score
of 7, which is the highest score, followed by the Bresson SE 2019 [12] study, with a score
of 6, and, finally, the Duforun study, P, 2023 [13] with a score of 5. The last two studies
were on the middle of the scale, but the overall score of all four papers can support the
credibility of the overall content (Table 5).
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Identifications of Studies via Databases

RECORDS IDENTIFIED FROM DATABASES

Identifications of Studies via Additional Sources

n=17,947 RECORDS IDENTIFIED FROM ADDITIONAL SOURCES
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£
=
-§ RECORDS EXCLUDED
AFTER APPLIED CRITERIA
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2
‘g RECORDS SCREENED AFTER ARTICLES EXCLUSION REPORTS EXCLUDED:
o n=1520 n=1505
5 Title (n=189)
Main Text (n=671)
Abstract (n= 634)
Only Abstracts (n=11)
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n=1520 n=6
- ARTICLES INCLUDED IN REVIEW
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3 Articles Included from Assessed Eligibility (n=16)
= Articles Included from Additional Sources (n=6)

Figure 3. PRISMA flow diagram.

3.3.2. ARRIVE Quality Assessment Scale

In addition, the ARRIVE scale used for animal studies showed the following results.
Xu’s study, J, 2019 [14] had the highest score of 9, while the remaining 4 studies had scores
of 7, which is on the medium to high scale (Table 6).
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4. Discussion

Based on the systematic research conducted, data collected using the PRISMA guide-
lines and PICO model, the following results can be stated from the information summarized
in the three tables that, respectively, represent cohorts carried out with human participants
(Table 2), basic research studies conducted with animals (Table 3) and, finally, literature
and systematic reviews (Table 4).

4.1. Correlation between ECDs and T1DM Based on Human Cohort Studies

Firstly, two major retrospective cohort studies discussed the association of polychlori-
nated biphenyls (PCBs), organochlorine pesticides and persistent organic pollutants (POPs)
with the descriptive results of the studies mentioned in Table 2. In Bresson SE et al., 2019,
where 442 people, both males and females, of age 10 to 20 years old were tested according
to the SEARCH Case-Control protocol [11], there was a significant association between
T1DM/IS occurrence and several POPs, including p, p’-DDE, trans-nonachlor and PCB-153.
PCB-153 and p, p’-DDE were found to reduce insulin production and secretion in pancre-
atic 3-cells. Interestingly, PCB-153 but not p, p’-DDE reduced the level of expression of
Slc2a2 and Gck, but both were confirmed to alter mRNA expression of genes involved in
glucose-stimulated insulin secretion. Additionally, they identified increased BMI, reduced
insulin sensitivity and insulin resistance as potential risk factors for ECDs to cause TIDM.

However, Salo HM et al., 2019 [10], where 136 children, both male and female, from
newborn to 6 years old were studied according to FINDIA pilot study and DIABIMMUNE
study protocols [1], could not observe any definite associations between increased exposure
to chemical pollutants at birth, or at 12 or at 48 months of age, and risk of (3-cell autoim-
munity and, thus, the development of TIDM. Prenatal or early childhood exposure to
POPs, including PFASs, is not an apparent risk factor for later 3-cell autoimmunity, but
in 48-month-old children, PFDA was above the LOQ in 34% of the autoantibody-negative
children, in 63% of the autoantibody-positive children, and in 88% of the children diag-
nosed with type 1 diabetes. PFDA has been demonstrated to interfere with the function of
thyroid hormones in in vitro studies, and endocrine disruption is an interesting mode of
action of PFDA in biological systems. Autoantibody positive cases, HLA risk genotype,
breastfeeding and formula feeding were observed as latent risk factors.

Secondly, phthalates, bisphenol A (BPA) and parabens were investigated as impending
ECDs in the pathophysiology of TIDM in Lee L et al., 2021 [12]. They studied 3787 par-
ticipants older than 19 years old, both male and female, utilizing the Korean National
Environmental Health Survey (KoNEHS), concentrations of phthalate metabolites, BPA,
and parabens that were measured in spot urine samples using liquid-liquid extraction
and ultraperformance liquid chromatography mass spectrometry separation, followed by
electrospray ionization and tandem mass spectrometry and urinary dilution, in addition to
two traditional methods (i.e., Cr and SG adjustment). This cohort concluded that increased
BPA in urine was associated with higher rates of TIDM.

Moreover, Dufour P. et al., 2023 [13] analyzed blood and urine samples of 54 children
aged 3 to 18 years old, both male and female, in an attempt to investigate the link between
the exposure to many environmental pollutants, from persistent organic pollutants to some
non-persistent plasticizers and antimicrobials [i.e., 7 phthalate metabolites, 4 parabens,
7 bisphenols, benzophenone 3, triclosan, 15 organochlorine pesticides, 4 polychlorinated
biphenyls (PCBs) and 7 perfluoroalkyl substances] and thyroid disorders in T1IDM children.
Associations between the levels (in serum or urine) of some PFASs, PCBs, phthalates and
bisphenols and thyroid hormone levels were highlighted, suggesting an impact of these
pollutants on thyroid function in this population, suspected to be particularly vulnerable
toward endocrine disruption, but there was no direct implication that they correlate with
the development of TIDM.
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4.2. Correlation between ECDs and T1DM Based on Basic Research Animal Studies

Furthermore, four different study protocols by Xu ]J. et al., 2019 [14,16-18], using
non-obese diabetic (NOD) mice, male and/or female, aged 8 to 12 weeks old, rummaged
the association of bisphenol A (BPA) and bisphenol S (BPS) in T1IDM occurrence. In the
first experiment, BW and non-fasting BGLs were measured every 1-2 weeks using an
Accu-Chek Diabetes monitoring kit (Roche Diagnostics, Indianapolis, IN, USA) or Contour
Blood Glucose Meter (Ascensia Diabetes Care, Parsippany, NJ, USA) from a small sample of
venous blood (tail nick), and it revealed a not statistically significant correlation, but a shift
towards accelerated T1DM development was observed. The other two studies assessed
NOD mice with tolerance tests and insulin, antibody, cytokine/chemokine measurement,
GMB, bioinformatics and metabolomics analysis and verified that sex plays an important
role in BPA altering T1DM risk, as BPA accelerated T1IDM development in adult NOD
females, but delayed male mice from T1DM development, and, also, that BPS exposure
had dose-related protective effects on TIDM in females, suggesting that BPS uses different
mechanisms from BPA to alter glucose homeostasis and TIDM. In addition, McDonough
CM et al., 2022 [15] assessed 10-week-old NOD mice using body weight, blood glucose
measurement, diabetic incidence, GTT and ITT, behavior tests, the Y-maze test and Flow
Cytometric Analysis to substantiate that BPS has a significant adverse effect on TIDM
occurrence. The last animal study to examine the correlation between ECDs and T1DM
development risk was by Sinioja T et al., 2022 [16], where they attested that persistent
organic pollutants (POPs), organochlorides, organobromides and per- and poly-fluoroalkyl
substances (PFAS) are risk factors for the development of TIDM, using 29 8- to 10-week-old
NOD mice and assessing them with the Folch procedure for Lipidomic Analysis.

4.3. Correlation between ECDs and T1IDM Based on the Literature and Systematic Reviews

Many reviews tried to support the association between different disruptors and the
development of TIDM. Firstly, Melissa and Cairro, 2023 [19] stated that there is a possible
link between the exposure to phthalates and the development of DM, as they may lead
to insulin resistance and consequent DM through oxidative stress, the activation of dif-
ferent hormone receptors (PPAR and ER) and impaired inflammatory factors. Secondly,
Ibarra et al., 2020 [25] asserted that there is an association of bisphenol A (BPA) and phtha-
lates with a wide range of reproductive, metabolic and neurological diseases, as well as
hormone-related cancers, while Jiang et al., 2023 [24] declared that BPA exposure is associ-
ated with target organ damage in DM and may exacerbate the progression of some chronic
complications of DM. Moreover, Prediere et al., 2020 [20] averred that many chemical
substances (Table 4) could affect the development and the function of the immune system
or of the pancreatic 3-cells, promoting autoimmunity and increasing the susceptibility to
autoimmune assault, but the studies cited are few and demonstrated contradictory results,
according to gender and age. Furthermore, Heo and Kim, 2021 [23] testified that altered
immune response, oxidative stress, neuroinflammation, inadequate placental development
and epigenetic modulation are some of the underlying risk factors that have been identified
for the pathophysiology of ambient air pollution (i.e., PM, NO, and NOx) in the devel-
opment of TIDM. Additionally, Khali et al., 2023 [22] expressed that current research has
shown inconsistent results with regard to direct pathogenesis, due to the fact that DM is
multifactorial and many studies attempted to determine the impact of isolated atmospheric
compounds, such as ambient air pollution, persistent organic pollutants (POPs) and metals,
i.e., bisphenol A (BPA), phthalates and polybrominated-diphenyl-ethers (PBDEs), but did
not take into consideration their compounding effects. Finally, Hinault et al., 2023 [21]
affirmed that it remains difficult to form a comprehensive view on the causal relation-
ship between EDCs and diabetes (both TIDM and T2DM) and that further experiments
are required.
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5. Conclusions

Based on the data examined, it can be concluded that stronger association was found
between persistent organic pollutants (POPs), phthalates and bisphenols, mostly BPA, and
the risk for development of T1IDM, mainly through reduced insulin sensitivity, autoimmu-
nity of pancreatic 3-cells, oxidative and inflammatory stress and epigenetic modulation. It
is obvious that further research is required to bear out the important role of ECDs in the
pathophysiology of DM in general and, specifically, TIDM; studies need to consider the
compound and accumulating effects of many disruptors at a time. An important setback to
this analysis was the limited data found compared to the wide variety of ECDs described;
however, based on the data collected and the quality assessments performed, the stud-
ies found are credible and valid enough to support the correlation and linkage between
endocrine disruptors and T1IDM.
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Abstract: Diabetic kidney disease (DKD) is the leading cause of end-stage renal disease (ESRD),
which severely affects the quality of patients’ lives. However, the current therapeutic approaches
can only postpone its progression to ESRD. It is therefore imperative to develop a novel therapeutic
strategy for renal injury in DKD, with the objective of restoring renal function and reversing the
process of ESRD. In recent years, the potential of mesenchymal stem cell (MSC) therapy for DKD has
garnered increasing attention within the scientific community. Preclinical research on MSC therapy
has yielded promising results, and the safety of MSC treatment in vivo has been substantiated in
clinical studies. An increasing body of evidence suggests that MSC therapy has significant potential
for the treatment of DKD. This article reviews the existing research on MSCs and their derived
exosomes in treating DKD and analyzes the underlying mechanism of MSC-based therapy for DKD.
Additionally, we discuss the potential of combining MSC therapy with conventional pharmacological
treatments, along with the constraints and prospects of MSC therapy for DKD. We hope this review
can provide a precise and comprehensive understanding of MSCs for the treatment of DKD.

Keywords: mesenchymal stem cell; diabetic kidney disease; mesenchymal stem cell therapy

1. Introduction

Diabetic kidney disease (DKD) is the most common microvascular complication of
diabetes and the main cause of end-stage renal disease (ESRD) in the majority of countries.
Patients with DKD frequently lack efficacious treatment options in the terminal stages and
are therefore reliant on hemodialysis or kidney transplantation for survival. The pathogen-
esis of DKD is a complex process whereby chronic persistent hyperglycemia may lead to
nephron damage through immune—inflammatory processes, mitochondrial dysfunction,
and oxidative stress [1]. The renal pathological manifestations of DKD patients include
mesangial dilation, collagen deposition, basement membrane thickening, podocyte loss
and hypertrophy, albuminuria, tubular epithelial atrophy, activated myofibroblasts, matrix
accumulation, and inflammatory cell influx [2]. Conventional treatments for DKD are
confined to regulating blood pressure (BP), glucose, and lipids, which can merely defer but
not wholly reinstate normal renal functioning. It is, therefore, imperative to identify a novel
treatment for DKD.

Mesenchymal stem cells (MSCs) represent a specific type of undifferentiated stem cell,
offering distinctive advantages such as self-renewal capacity, multipotent differentiation
potential, and low immunogenicity [3,4]. Furthermore, MSCs possess immunomodula-
tory [3,5], antioxidant [6], antiapoptotic [7], mitochondrial quality control [8,9], and robust
tissue regeneration capabilities [10], rendering them highly versatile in the domain of
regenerative medicine. Additionally, MSCs can be sourced from diverse locations, such as
bone marrow (BM-MSCs) [11], adipose tissue (ADSCs) [12], umbilical cord (UC-MSCs) [13],
Wharton's jelly (WJMSCs) [14], placenta from full-term pregnancies (PMSCs) [15], and
human exfoliated deciduous teeth (SHED) [16] (Figure 1), making them accessible and
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ethically acceptable for use in research and clinical applications. MSCs can transport in-
tracellular substances, including nucleic acids, proteins, and mitochondria (Mt), through
secreting exosomes to damaged cells, thereby regulating the pathological and physiolog-
ical processes of damaged cells [17,18]. The method of using MSCs and their secreted
derivatives (such as exosomes) to treat diseases is collectively called MSC therapy.
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Figure 1. The therapeutic effects of MSCs and their derivatives from different sources in the treatment
of DKD. MSCs can be isolated from bone marrow, the umbilical cord, the Wharton’s jelly, adipose
tissue, placenta and dental pulp. MSCs and their derivatives have anti-inflammatory and anti-fibrotic
effects, control the targeted cells mitochondrial quality, as well as enhance autophagy to protect the
kidney from diabetic injury.

MSC therapy has recently garnered significant interest mainly due to its potential for
restoring damaged nephrons. There have been notable advancements in the research of
MSC therapy in the treatment of DKD. This article provides a summary of the research
on MSC therapy in DKD, introduces the potential mechanisms of MSC therapy in DKD
treatment, and further analyzes the possibility of combining MSC therapy with traditional
pharmacological treatments for DKD. It also considers the prospects and challenges of
MSC therapy in treating DKD. This study aims to elucidate the value of MSC therapy in
the treatment of DKD and provide new insights into the treatment of DKD.
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2. The Use of MSC Therapy in DKD
2.1. Preclinical Study

The therapeutic potential of MSCs in DKD was initially found because exogenous
human bone marrow pluripotent stromal cells (hMSCs) significantly differentiated into
endothelial cells in the glomeruli of immunodeficiency NOD/scid diabetic mice [19]. The
hMSCs were administered to mice via intracardiac infusion, and subsequent analysis
revealed a minor degree of aggregation within the glomeruli. The degree of mesangial
thickening was found to be diminished in mice that had been infused with hMSCs, as was
the infiltration of macrophages [19]. The author speculated that transplanted hMSCs either
prevented pathological changes in the glomeruli or enhanced their regeneration to improve
renal lesions in diabetes patients [19]. Subsequently, it was established that MSCs derived
from disparate species and sources exhibited therapeutic efficacy in the amelioration of
the experimental model of DKD. Concurrently, it was demonstrated that MSCs exert their
effects through paracrine pathways [17], specifically by delivering their derivatives such as
exosomes [18,20]. Furthermore, it is hypothesized that the mitochondria in MSCs exert a
significant influence on the enhancement of mitochondrial quality in damaged renal cells.
Derivatives secreted from MSCs are more readily obtainable and storable, with minimal
ethical constraints [21], and thus they are regarded as a promising novel therapy for treating
kidney injury [22]. The potential of MSC therapy from various sources to treat DKD has
been the subject of extensive investigation in recent times. A summary of the preclinical
studies (Table 1) of MSC therapy for DKD in the past five years based on species and sources
is presented. The studies primarily concentrate on the remission of DKD by BM-MSCs,
ADSCs, and UC-MSCs, with a particular focus on UC-MSCs. In contrast to BM-MSCs, the
source of UC-MSCs is more readily accessible than bone marrow, obviating the necessity
for invasive procedures and significantly reducing the discomfort experienced by patients.
Moreover, UC-MSCs exhibit a greater capacity for proliferation [23]. Furthermore, UC-
MSCs can be stored at birth and are derived from autologous cells, which exhibit reduced
immunogenicity and markedly enhance the safety of mesenchymal therapy. Recently, it
was found that MSCs from dental pulp have a similar role in alleviating the progression of
DKD and can also be used as a source of materials for future MSC therapy. It is anticipated
that in the future, further tissues with robust proliferative and differentiative capabilities
will be identified as sources of MSCs.

Table 1. Preclinical studies on the treatment of DKD with MSCs and their derived exosomes in the
past five years.

Type of MSCs Subjects Me;ﬂzﬁ&iﬁKD Administration Freql]l)e::g and Effect Reference
MSCs reprogram Mg into
Once every M2 via improvement of the
. two weeks, three lysosome-autopha
Male B.ALB/C ip. of 155,1(,)ng/kg Tail vein injection times after the path};vay and mitoghor?igl,rial [24]
mice onset bioenergetics with
5 x 10° transcription factor
Mouse EB activation.
BM-MSCs MSC-treated animals
exhibited lighter renal
pathological impairment,
Male mice Intraperitoneal 8th and 10th upregulation of
BTBR.Cg- - apert weeks of age mitochondria-related [25]
Lep®® / Wisc] mnjection 1 x 10° survival genes, and a
decrease in autophagy
hyperactivation

and apoptosis.
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Table 1. Cont.

Type of MSCs Subjects Method of DKD Administration Frequency and Effect Reference
Induction Dose
ip. of 150mg/kg Mt transfer from BM-MSCs
Male C57BL/6 ~ O1% (diabetic 8w and 10w to damaged PTECs,
mice mice) tail vein Tail vein injection after the onset injection of [26]
male SD rat injection of 55 ) 1 x 104 BM-MSC-derived isolated
ae awm mg/kg of STZ Mt in renal capsule share
(diabetic rats) the same effect.
MSCs protect DKD kidneys
Male C57BL/6 . e . by regulating M6 A
mice Not provided Tail vein injection Not provided methylation through [27]
Smad2/3/WTAP/ENO1.
Show immunosuppression
. Once a week for . .
Male SD rats i.p- of 55 mg/kg Tail vein injection 6 weeks of CDS. T—gell P rohfera’non [28]
STZ 1x 107 and activation mediated by
CD103 DCs.
Rat BM-MSCs Improve renal function and
collagen accumulation;
ip. of 65 mg/kg I 6 inhibit inflammatory and
Male SD rats STZ Tail vein injection 4 x 10 fibrotic cytokines by [29]
downregulating
TLR-4/NEF-kB expression.
MSCs suppress progression
Once a week for of diabetic nephropathy
i.p. of 60 mg/k; two continuous (DN) pathogenesis through
Male SD rats P 8758 Tail vein injection LXA4 by targeting [30]
STZ weeks .
5 TGF-f3 /Smad signals and
5 x 10 . .
pro-inflammatory cytokines
in DN.
GECs 38 mmol/L Co-culture 5 % 105 Re]uvgnate damaged GEs (31]
-glucose via Mt transfer.
i.p. of 35 mg/kg Once a week for Increase apoptosis; decrease
BM-MSC-Exos Male SD rats STZ Tail vein injection 12 weeks GLU. Ser, BUN. [32]
100 ug
Rat BM-MSCs- ip. of 60 me/k Two injections of ne ﬁr rgeiltohr atbe d;ilistllfla
derived Male albino rats P 8/%8  Tail vein injection exosomes phropathy by phagy [33]
<osom STZ 100 e /ke/d induction through the
exosomes He/Kg/dose mTOR signaling pathway.
Human BM- i
MSCs-derived . i.p. of 37 mg/kg Intravenous Once a week for Revert the progression of
Male NSG mice RN 4 weeks glomerular and [34]
extracellular STZ for 4 days injection 1 % 1010 il . itial fibrosi
vesicles (EVs) x 10* particles interstitial fibrosis.
8 weeks of Reduce blood glucose and
high-fat diet Once a week for insulin demand, reduce the
Rat ADSCs Male SD rats (HFD) and a Tail vein injection 24 weeks expression of SLGT2 of [35]
single dose of 3 x 10° PTEC and reduce kidney
25mg/kg STZ damage and inflammation.
miR-26a-5p delivered by
Once a week for ADSC-derived EVs
Mouse C57BL/Ks] ) Tail vein injection 12 weeks suppress glomerular [36]
ADSCs-EVs db/db ) } podocyte apoptosis and
protect against DN by
regulating TLR4.
Reduce proteinuria, Scr,
Once a week for blood urea nitrogen (BUN),
ADI\S/IS:—?Eexos C5§E }Cﬁf ] - Tail vein injection 12 weeks and podocyte apoptosis; [37]

miR-486 of ADSCs-Exo
promote autophagy flux.
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Table 1. Cont.

Type of MSCs Subjects Me;}wd of DKD Administration Frequency and Effect Reference
nduction Dose
Decrease levels of blood
glucose, serum creatinine
(Scr), 24 h urinary protein,
. 50 pg exosomes t UACR, and kidney
ADSIézEexos Male SD rats ip. of ggzm 8/ks Tail vein injection  twice a week for weight/body weight, and [38]
3 weeks they suppressed mesangial
hyperplasia and kidney
fibrosis, which is related
to miR-125a.
Normal glucose
(NG, 5.5 mM), EV-derived miR-15b-5p
Human Mouse NG + mannitol could protect MPC5 cell
ADSCs-EVs podocyte clone (5.5 mM glucose - 25 pg/mL apoptosis and inflammation [39]
5 (MPC5) +24.5 mM MA), via downregulation of the
HG (30 mM VEGF/PDK4 axis.
glucose)
Transplantation of
adipose-derived
Femoral vein mesenchymal stem cell
Rat ADSCs Sp.ontar.leousll.y injection or renal Shee.ts dirgctly into the
Sheet Diabetic Torii - capsule 6 x 10° kidney improves [40]
(SDT) fatty rat trans Ifantation transplantation efficiency
P and suppresses
inflammation and renal
injury progression.
Promote the expression of
Thrice every Argl in macrophages to
. i.p. of 80 mg/k 4 weeks after romote M2 polarization
Male CD1 mice P STZ B8 ) the onset arlid improve rﬁitochondrial [41]
5 x 10° function of renal tubular
epithelial cells.
Reduce urinary total protein,
Once a week for UACR, Scr, and BUN,
i.p. of 60 mg/k: two consecutive improve renal pathological
Male SD rats P STZ 858 Tail vein injection K abnormalities, promote the [42]
2W ;el 086 expression of antiapoptotic
protein Bcl-xl, and activate
the apoptotic pathway.
Ameliorate functional
Human parameters, improve renal
UC-MSCs pathological changes,
ip. of 60me/k reduce the levels of
Male SD rats P STZ 856 Tail vein injection 2 x 10° pro-inflammatory cytokines [43]
(IL-6, IL-1f3, and TNF-«)
and profibrotic factor
(TGF-p) in the kidney
and blood.
Twice; group 1: UC-MSC-derived
‘ week:; 7 and 8,'. miR—14§a—5P restores renal
Male SD rats ip. of 60mg/kg Tail vein injection  group 2: weeks 9 f.u‘nct.l on in DN rats by [44]
STZ and 10 facilitating M2 macrophage
2 % 106 polarization by
targeting TRAF6.
HED and ip. of Three times every Attenuate renal oxidative
Male SD rats 35 me /k ETZ Tail vein injection 10days damage and apoptosis, [45]
8758 2 x 10° activate Nrf2.
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Table 1. Cont.

Type of MSCs Subjects Me;}r::)iill;i;iKD Administration qulg::g’ and Effect Reference
5/6 nephrectomy,
irftzggz\;?g) rk:gal IRA injection of xenogeneic
administration of  Intrarenal arterial Day~21 aftgr CKD MS.CS was safe and
Male SD rats . e . induction effectively protected the [46]
aminoguanidine injection (IRA) 5 . -
21 x10 residual renal function and
(180 mg/kg) and hi li .
streptozotocin architectural integrity.
(30 mg/kg)
Once a week for 4 Improve cell.v1ab111ty,
wound healing, and
weeks .
senescence of the high
Low-dose lucose-damaged rat
i f 50 mg/k; Intraven hucMSCs-treated 5 docyt: thrg h
Male SD rats b0 8758 ravenous group (MSC-L):5 podocytes tirough a [47]
STZ injection 6.1 paracrine action mode;
x 10° high-dose activate autophagy and
hucMSCs-treated attenuate se};esggnce
H gro“px(l\fgf -H):1 through the
e MeCs AMPK/mTOR pathway.
HUC-MSCs downregulated
the expression of
Once per week IGF1/IGF1R in the renal
HFD for 4 w, for four tissue of diabetic rats,
Male SD rats followed by i.p.  Tail vein injection consecutive inhibited the activity of the [48]
of 30 mg/kg STZ weeks target genes CHK2 and p53,
1 x 107 reduced apoptosis, and
improved diabetic
nephropathy.
Reduce uACR and improve
multiple glomerular and
. 8 w or 16 w after renal inte rstitial
Male C57BL/6 i.p. of 60 mg/kg L abnormalities; reduce
. Tail vein injection the onset . . [49]
mice STZ 5 % 10° circulating TGF-31 and
restore intrarenal
autophagy; reduce early
inflammation of the disease.
Alleviate albuminuria,
glomerulus injury, and
fibrosis by inhibiting
Mouse Male BALB/C  ip. of 150mg/kg .. . Weekly for4 o1 PLtriggered MEL and
UC-MSCs mice STZ Tail vein injection weeks 1 % 10* cell proliferation mediated [50]
by PI3K/Akt and MAPK
signaling pathways and
elevating the levels of
MMP2 and MMP9.
MSCs: every
week for 6 weeks ~ MSC-exos could inhibit high
6 i .
Human Male o 1 x 10 . glucose-induced apoptosis
UC-MSCs-ex0s C57BL/Ks]- - Tail vein injection =~ MSC-exos: twice and EMT through [51]
db/db a week for miR-424-5p targeting
6 weeks of YAP1.
10 mg/kg bw
MSCs-Exos attenuated the
expression of inflammatory
factors in podocytes and
3 times in the first DN mice in vivo and
week, and then in vitro, inhibited the
Human Male (.ib/db - Tail vein injection twice a week for activation of the NLRP3 [52]
UC-MSCs-exos mice - -
the next 3 weeks signaling pathway, and

100 pg

improved renal injury.
MiR-22-3p may play a role
in the anti-inflammatory
effect of MSCs-Exo.
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Table 1. Cont.

Method of DKD

Frequency and

Type of MSCs Subjects Induction Administration Dose Effect Reference
HEFD for 6 weeks, 3 times in the first Alleviate th? mgabm;?}? tory
H Male C57BL/6] followed by i.p. week, and then response; oIt the
uman . . - activation of NOD2
UC-MSCs-exos mice; ma.le of 100 mg/kg Not provided twice a week for sienaling pathwayv: prevent [53]
db/db mice STZ for three the next 3 weeks gnaums p o VP
davs 100 pg apop'tF)sm., increase cell
y viability in podocytes.
Protein 14-3-3( in
hucMSC-sEVs promotes
YAP cytoplasmic retention
Human HFD and i.p. of I instead of entering the
UC-MSCs-EVs Male SD rats 35 mg/kg 1;TZ Tail vein injection 10 mg/kg nucleus, enhancing t%e level [54]
of autophagy in the
cytoplasm to remove the
excessive YAP protein.
Attenuate renal fibrosis and
inflammation; MiR-23a-3p
and its target Kriippel-like
M Two times a week  factor 3 (KLF3) inhibit high
ale .
Human C57BLKS/] ) In.tr.ave.nous from 8 to glucos.e (HQ)-mduced [55]
UC-MSCs-EVs db/db injection 18 weeks old STATS3 signaling pathway;
100 ug miR-23a-3p is packaged into
MSC sEV by RNA-binding
motif protein
X-linked (RBMX).
Twice Attenuate kidney damage;
Human ip. of 60 mg/k UC-MSCs: inhibit EMT and renal
UC-MSCs/UC-  Male SD rats PO, 8 8 Tail vein injection 2 % 10° fibrosis; decrease SMO [56]
MSCs-exos UC-MSC-exo: expression targeting
100 pug/kg Hedgehog/SMO pathway.
Male SD rats ip- of 60 mg/kg Tail vein injection 1 x 100 Reverse pqdocyte mjury [57]
STZ and mitophagy.
Regulate TH17/Treg
through systemic immune
Human PMSCs . Once a week for regulation by upregulating
Male SD rats Lp. of 60 mg/kg Tail vein injection three weeks PD-1; enhance the [58,59]
STZ ) 1 6 autophagy level of DKD rat ’
x 10 ;
kidney and podocyte by
upregulating the expression
of SIRT1 and FOXO1.
Attenuate hyperglycemia,
SHED Male HFD for 2-4 hyperlipidemia, increased
Human Goto-Kakizaki K Tail vein injection 4 x 10° urinary albumin excretion, [60]
BM-MSCs (GK) rats weeks ECM accumulation, and a
fractional mesangial area.
Increase the expression of
ARF and decrease blood
Human i.p. of 55 mg/k Penile vein lucose, 24-h urinar
Amniotic MSCs Male SD rats ; STZ B injection 2% 10° pr%tein, Scr, urea, kidrzley [61]

injury molecule-1 (KIM-1),
and renal injury index.

2.2. MSC Therapies Toward Clinical Translation

Currently, a considerable number of clinical studies are investigating the potential of
MSC therapy as a treatment for diabetes mellitus (DM). Nevertheless, only two studies
have concentrated on the particular issue of kidney damage associated with diabetes and
DKD. The clinical application of MSC therapy in the treatment of DKD has made some
progress. The two clinical studies primarily explored the safety of bone marrow-derived
MSCs (ORBCEL-M) and mesenchymal precursor cells (MPCs, rexlemestrocel-L) in vivo,
despite the evidence of adverse effects, in the treatment of DKD [62,63]. Nevertheless, the
observation period of rexlemestrocel-L is relatively short, and it cannot be excluded that
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more rare security incidents may occur after long-term observation. The improvement
in renal function reported in the two clinical studies was not statistically significant due
to the relatively small sample sizes, although there was a discernible improvement in
renal function.

Indeed, the absence of consistent and standardized methodologies to characterize its
safety and efficacy represents a significant obstacle to the advancement of MSC therapy
toward clinical application. The sources of MSCs are diverse, and there are notable dis-
crepancies in the administration doses employed across disparate studies. It is difficult
to determine the optimal efficacious dose in individual clinical studies. Secondly, neither
study detected the pharmacokinetics of MSCs in vivo, which is meaningful for us in order
to explore effective and safe doses for clinical applications. Indeed, when conducting ex-
periments on cell products, it is essential to confirm the pharmacokinetics of cells within
the human body. This will facilitate a deeper comprehension of the metabolism of MSCs
in vivo and enable more accurate determination of safe and efficacious doses. The latest
research provides some insights into the circulation dynamics of MSCs by detecting the
SRY gene in peripheral blood [64]. Furthermore, the relatively small number of subjects
included in the two clinical studies, the significant differences in baseline levels observed,
and the inconsistent endpoints of observation may have contributed to the lack of sig-
nificant statistical significance. Given the limited research results on the clinical efficacy,
optimal treatment timing, and regimen of MSC therapy for DKD, it is imperative to explore
reasonable and safe infusion doses to reach a consensus and standardize clinical trial
observation indicators.

MSC therapy in the treatment of DKD has achieved remarkable results in vitro and
in vivo. Nevertheless, the proof of human studies has been relatively limited in recent
years. There are objective limitations to the translation of animal experiments into human
applications. Currently, commonly used DKD animal models include pharmacological
induction models (STZ injection) and genetic models (db/db mice). These models cannot
well reflect the pathophysiological processes of human DKD. The exact progression of
kidney disease may vary greatly from humans, including timing, severity, and specific
histopathological features. The timeline of disease progression in animal models is often
accelerated compared to humans, leading to a misunderstanding of the long-term effects
of interventions. The existing literature has employed unilateral nephrectomy in db/db
mouse models as a means of standardizing the onset time of DKD [65]. In addition,
human behaviors such as dietary habits, physical activity, and lifestyle choices play a
key role in the development of DKD, which cannot be accurately replicated in animal
models. It appears that MSCs do not offer a distinct advantage in the treatment of human
diabetes nephropathy. There are many challenges in clinical practice, such as heterogeneity
in subject renal function and urinary albumin levels, short follow-up observation time,
inconsistent biomarker observations, comorbidities, and different drug treatment regimens.
These issues collectively contribute to its uncertain clinical value. In the future, it may be
necessary to design studies with a larger sample size, that are multicenter, with a longer
follow-up time, and with more unified observation endpoints to explore the overall impact
of MSC therapy on DKD.

3. The Mechanism of MSC Therapy in Treating DKD
3.1. Immunomodulatory Effect

MSCs have been demonstrated to possess potent immune regulatory functions. They
are capable of ameliorating the local immune microenvironment of the kidney and systemic
immune function through direct contact and the secretion of cytokines.

MSCs may play an essential role in suppressing the renal local immune response of
DKD by reducing inflammatory cell infiltration and inflammatory response. Studies have
indicated that MSCs can suppress the expression of pro-inflammatory factors including
IL-1B, IL-6, and TNF-« in the kidney of DKD rats through local immune regulation. Fur-
thermore, the infiltration of inflammatory cells in the kidney tissue of DKD rats treated with
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MSCs was diminished [28,66], as evidenced by a reduction in CD103 dendritic cells (DCs)
and CD8 T cells in the kidney of DKD rats treated with MSC [28]. Additionally, studies have
demonstrated that MSC treatment reduces macrophage infiltration by inhibiting the expres-
sion of monocyte chemoattractant protein-1 (MCP-1) [66]. The anti-inflammatory effect of
M2 macrophages is of pivotal importance in the prevention and treatment of inflammatory
diseases. BM-MSCs, UC-MSCs, and their derived exosomes and microRNAs have been
demonstrated to enhance macrophage M2 polarization, augment the anti-inflammatory
response, and mitigate kidney damage resulting from DKD inflammation [24,41,44,67,68].
MSCs may promote the transformation of macrophages to the M2 phenotype by enhancing
the expression of the M2 macrophage marker Argl [41], which exerts beneficial effects on
mitochondrial dysfunction.

Interestingly, AD-MSCs were demonstrated to increase similar expression of Argl and
M1 macrophage marker iNOS, resulting in a null effect on mitochondrial dysfunction [41].
The precise reason for this discrepancy in outcomes between the administration of MSCs
derived from different sources is currently unclear. The primary immunomodulatory
effects of MSC in the kidney are achieved by regulating innate immune cell infiltration,
which attenuates local inflammatory responses.

MSCs may also exert therapeutic effects through systemic immune regulation. A
single injection of human umbilical cord-derived mesenchymal stem cells (hUC-MSCs)
was observed to result in a decrease in serum IL-6, TNF-o, and TGF-f31 levels in the early
stage of DKD (8 weeks after STZ injection). In comparison, no change was noted in serum
IL-6 and TNF-« levels in the late stage (16 weeks after STZ injection) [19]. This suggests
that systemic immune suppression of MSCs is more likely to play a role in the early stage
of DKD. The imbalance of TH17/Treg cells plays a vital role in the pathogenesis of diabetes
nephropathy. Specifically, the proportion of TH17 cells in the peripheral blood of patients
with diabetes nephropathy tends to increase while the proportion of Treg cells decreases.
This imbalance may lead to excessive inflammatory response, further exacerbating kidney
damage. The infusion of human placenta-derived mesenchymal stem cells (PMSCs) has
been demonstrated to promote Th17/Treg balance in the kidneys and blood of DKD rats
while simultaneously reducing the levels of pro-inflammatory cytokines (IL-17A and IL-1
() [58]. It is postulated that MSC may regulate TH17/Treg-related DKD through systemic
immune regulation, thereby reducing inflammatory factors in the body and kidneys and
weakening the inflammatory response.

In addition, MSCs can inhibit various inflammatory pathways. Human umbilical cord
mesenchymal stem cells (UC-MSCs), bone marrow mesenchymal stem cells (BMSCs) [29],
and exosomes derived from adipose-derived mesenchymal stem cells (ADMSCs) containing
microRNA-26a-5p [36] are beneficial for podocytes and diabetic nephropathy under HG
by inhibiting Toll-like receptor (TLR) signaling and suppressing inflammation. MSC-
derived exosomes miR-22-3p improve diabetes nephropathy through the NLRP3 signaling
pathway [52].

3.2. Mitochondrial Quality Control

Many sophisticated quality control mechanisms have been found within mitochondria
to counteract stress and maintain the integrity and functionality of organelles, including
mitochondrial DNA (mtDNA) repair, mitochondrial dynamics (fusion and fission), mito-
chondrial autophagy, and mitochondrial biogenesis. The dysregulation of mitochondrial
quality control mechanisms may induce mitochondrial damage and dysfunction, leading
to cell death, tissue damage, and potential organ failure. DKD is frequently observed to
occur alongside a reduction in mitochondrial number and an accompanying impairment in
functionality. As a therapeutic method with exogenous restoration of mitochondrial quality
control function [69], MSCs are essential in restoring mitochondrial quality in DKD.
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It is well-known that MSCs can alleviate high glucose-induced renal mitochondrial
dysfunction. Recent studies have shown that MSCs transfer their mitochondria to dam-
aged cells through tunnel nanotubes to improve the mitochondrial quality of target cells.
This process involves promoting mitochondrial biogenesis and mitophagy of target cells,
which improves the metabolic capacity and antistress ability of cells. Specifically, under
co-culture of MSCs and macrophages in vitro, mitochondrial transfer from the former to
the latter occurs via tunneling nanotubes (TNT), and high glucose levels can facilitate this
process [70]. The mitochondrial function of macrophages was improved by extracting the
Mt of MSC and transferring them to macrophages, which may be caused by the activation
of PGC-1a-mediated mitochondrial biogenesis and PGC-1oc/ TFEB-mediated autophagy in
macrophages [70]. In vivo and in vitro studies have demonstrated that MSCs can transfer
their Mt into diabetes-damaged proximal tubular epithelial cells (PTEC) and glomerular
endothelial cells (GECs). MSCs could restore the structure of renal tubules and inhibit
cell apoptosis and ROS production by regulating Mt-related factors such as Bcl-2, Bax,
and PGC-1 « [26,41]. Moreover, glomeruli’s apoptosis, proliferation, and mitochondrial
function have also been improved [31]. The quality of the mitochondria in podocytes plays
an integral role in ensuring the proper functioning of these cells. MSCs can maintain the
normal structure and function of podocytes by regulating podocyte mitophagy. PMSCs
can significantly improve kidney injury and reduce podocyte damage in DKD rats by
regulating the SIRT1-PGC-1a-TFAM pathway and enhancing PINK1/Parkin-mediated
podocyte mitophagy [57]. Nevertheless, it remains uncertain whether MSCs transfer their
mitochondria to podocytes to facilitate podocyte mitophagy and enhance the mitochondrial
quality of podocytes. It is currently thought that there are four potential pathways through
which Mt can be transferred from MSCs to damaged cells. These include transfer through
tunneling nanotubes, gap junctions, cell fusion, microvesicles, and direct uptake of isolated
mitochondria [71]. Recent studies have revealed that MSCs may transfer mitochondria
to recipient cells through a three-dimensional pathway, as mitochondrial transfer was
found in adipose-derived MSCs and breast cancer cells even when the tunneling nanotube
(TNT) was blocked [72]. MSCs do not seem to promote the metabolism of recipient cells by
exogenously supplementing functional mitochondria. The latest research findings indicate
that even dysfunctional mitochondria can trigger mitochondrial autophagy in receptor
cells through the typical PINK1/Parkin signaling pathway after internalization and rapidly
degrade in autophagosomes. To summarize, exogenous mitochondria serve only as a trig-
ger for autophagy in recipient cells. If it could be demonstrated that mitochondria can be
transferred to kidney cells without the involvement of MSCs, this approach would be more
ethically sound in clinical applications.

In conclusion, the role of MSCs in alleviating DKD in diabetes may be attributed, at
least in part, to the fact that MSCs restore normal cell function by delivering mitochondria
to kidney cells or by promoting kidney cells to activate endogenous mitochondrial quality
control mechanisms.

3.3. Antifibrotic Effect

Fibrosis and epithelial-mesenchymal transition are typical pathological changes as-
sociated with DKD, which can result in severe glomerulosclerosis and impaired filtration
function. Cytokines, hyperglycemia, and advanced glycation end products (AGEs) have
been demonstrated to promote myofibroblast transdifferentiation (MFT) and the profibrotic
phenotype of nonfibroblast kidney cells [73]. Renal fibrosis is typified by augmented depo-
sition of the extracellular matrix (ECM), with the degree of renal fibrosis as a predictor of
the severity and probability of adverse outcomes in patients [74]. Antifibrotic therapy is of
considerable significance in the postponement of the progression of DKD to ESRD.

Multiple MSCs and their derived exosomes have been recognized to play an important
role in the delay and reversal of renal fibrosis in diabetic kidney disease by reducing the
production of ECM proteins and promoting their degradation [29,34,43,50,55,56,75]. BMSCs
reduce the protein expression of plasminogen activator inhibitor-1 (PAI-1) and decrease
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the accumulation of ECM via inhibiting the TGF-f31/Smad3 pathway, thereby balancing
the fibrinolytic system [75]. The paracrine of UC-MSC has been demonstrated to alleviate
renal fibrosis in diabetic nephropathy, which is related to the inhibition of the TGF-f1 and
Hedgehog signaling pathway. TGF-3-triggered MFT and cell proliferation are mediated
by the PI3K/Akt and MAPK signaling pathways. Additionally, the levels of MMP2 and
MMP9 increase, resulting in a reduction in fibronectin and type I collagen deposition [50].
Moreover, US-MSCs and their derived exosomes can also inhibit the expression of the
crucial protein SMO in Hedgehog signaling, thereby hindering EMT and reducing DN
renal fibrosis [56]. It is worth noting that inflammation is also closely related to fibrosis.
As mentioned above, the pro-inflammatory factors secreted by macrophages facilitate the
MFT and promote the deposition of ECM.

Single-cell RNA transcriptomics has revealed how MSCs-derived small extracellular
vesicles (MSCs-EVs) combat DKD-induced fibrosis. It was observed that the administration
of MSC sEV induced an increase in the phosphorylation of YAP at serine 381 and serine
127, concomitant with a reduction in the overall protein level of YAP [76], which CK18 and
B-TRCP, the main regulators of YAP degradation, may mediate. When siRNA is used to
knock down CK16 and 3-TRCP in MSC sEV, the antifibrosis effect of MSC sEV is attenuated,
indicating that MSC sEV exerts its renal protective effect by delivering CK16 and 3-TRCP
to the renal tissue [76].

3.4. Enhance Autophagy

Autophagy represents a highly conserved lysosomal degradation pathway that re-
moves protein aggregates and damaged organelles to maintain cellular homeostasis. Au-
tophagy is an important stress response mechanism, and its dysfunction has been linked to
the pathogenesis of a wide range of diseases. Emerging evidence shows that in individuals
with diabetes, an impairment in autophagy may contribute to the development of renal
glomerular and tubulointerstitial lesions [77].

MSCs can increase autophagy levels in targeted cells to help maintain normal phys-
iological processes. MSCs can influence the autophagy of immune cells implicated in
injury-induced inflammation, thereby reducing their survival, proliferation, and function
and facilitating the resolution of inflammation [78]. MSCs have restored renal autophagy
throughout the DKD process [49]. MSC-derived exosomes improve diabetes nephropathy
by relieving the autophagy attenuation induced by the mTOR signaling pathway [33,37].
Furthermore, MSC-derived exosomes facilitate the degradation of YAP protein in podocytes
by enhancing autophagy, thereby reducing its entry into the nucleus and exerting antifi-
brotic effects [54]. PMSCs alleviate kidney damage in DKD by promoting SIRT1/FOXO1
to encourage autophagy of podocytes [59]. The utilization of the autophagy inhibitors
chloroquine and 3-MA (3-methylpurine) resulted in the reversal of the PMSC-mediated
enhancement in glucose and lipid metabolism and renal function and the reduction of
podocyte damage in DKD [33,59]. Interestingly, the regulation of autophagy in MSCs
affects their regenerative therapeutic potential [79].

4. The Signaling Pathways Involved in MSC Treatment of DKD

In the past year, there have been many studies that explored the signal pathways
involved in the treatment of DKD with MSCs. These studies discussed in detail the multiple
signal pathways that MSCs may involve in the treatment of DKD. We summarize the
signal pathways that MSC therapy may participate in Figure 2, hoping to provide a new
perspective for clarifying the specific mechanism of MSCs in DKD.
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Figure 2. The signal pathways of MSCs in the treatment of DKD. MSCs reduce the expression of TGF-
{3 1 to inhibit the formation of SMAD complexes, suppress epithelial to mesenchymal transition (EMT),
and promote fibrinolysis. MSCs deliver miRNA to receptor cells by secreting exosomes, inhibiting
NLPR3 mRNA translation and reducing the release of pro-inflammatory cytokines. MSCs transport
mitochondria to receptor cells to activate mitochondrial biogenesis and mitophagy, improving the
quality of receptor cell mitochondria. MSCs inhibit the Hedgehog/SMO signaling pathway to
reduce the expression of extracellular matrix (ECM) proteins. MSCs inhibit the Hippo/YAP signaling
pathway by promoting phosphorylation of YAP protein and reducing ECM protein.

5. MSC Therapy and Traditional Drug Treatment

Previously, the primary objective in the prevention and treatment of DKD was the
strict control of blood glucose and blood pressure. The most widely accepted drugs with
renal protective effects are renin-angiotensin—aldosterone system (RAAS) inhibitors such
as angiotensin-converting enzyme inhibitors (ACEIs) and angiotensin II receptor blockers
(ARBs) and novel hypoglycemics including sodium-glucose co-transporter 2 (SGLI-2)
inhibitors and the glucagon-like peptide-1 (GLP-1) receptor agonist. Recently, the new
third-generation selective mineralocorticoid receptor antagonist Finerenone, which has
great benefits in reducing urinary protein and delaying the risk of end-stage renal disease
progression in DKD patients, was developed [80]. However, these symptomatic treatments
can only delay kidney damage, with limited therapeutic effects for advanced DKD or ESRD.
The loss of nephrons is irreversible. MSC therapy differs from traditional drug therapy
because it has enormous therapeutic potential in promoting cell regeneration and restoring
normal kidney function. DKD patients often have severe renal dysfunction when seeking
medical assistance, and in this sense, MSC therapy has the potential for broader application.

In addition, combining MSC therapy with traditional pharmaceuticals has demon-
strated enhanced therapeutic efficacy in the DKD model compared to using either treatment
alone. Scientific investigation has established that the conjunction of ADMSCs with the
GLP-1 receptor agonist exenatide can markedly enhance renal functionality and mitigate
structural alterations by restoring equilibrium in inflammatory, fibrotic, and apoptotic
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markers [81]. The combination of ADMSCs and the SGLT-2 inhibitor empagliflozin (EMPA)
demonstrated superior efficacy in restoring renal function, attenuating renal tubular ep-
ithelial cell injury, and reducing podocyte loss in a rat model of DKD compared to a
single treatment. The authors posited that ADMSC augmented the renoprotective impact
of EMPA by promoting antiapoptotic, anti-inflammatory, and antioxidative stress and
restoration of mitochondrial autophagy functions without affecting the hypoglycemic effect
of EMPA [82]. UC-MSCs combined with irbesartan significantly exerted better protective
effects on glomerular podocyte injury and renal function compared to the administra-
tion of MSCs or irbesartan alone [83]. Pre-treating MSCs with drugs and then injecting
the treated MSCs into the body also offered certain advantages. Compared with sim-
ple MSC treatment, MSCs modified with angiotensin-converting enzyme 2 (ACE2) had
better performance in reducing albuminuria and improving glomerulosclerosis. In vitro
and in vivo, MSCs-ACE2 is more beneficial than using MSCs alone in reducing Ang II
and increasing Angl-7, thereby inhibiting the adverse effects of Ang Il accumulation by
downregulating ECM and suppressing the transforming growth factor (TGF-f)/Smad
pathway [84]. ACE2 therapy-modified MSCs have additional benefits for the progression
of diabetes nephropathy (DN) by inhibiting renal RAS activation and reducing glomerular
fibrosis. Nevertheless, the precise nature of the interaction between MSCs and diabetes
drugs remains uncertain. In the double-blind control group (placebo) trial of allogeneic
BM-MPCs for patients with renal dysfunction due to type 2 diabetes, the subjects also
took antidiabetic drugs (including insulin, hypoglycemic traditional medicines such as
metformin, and sulfonylureas) while receiving BM-MPCs [62]. However, these subjects
did not demonstrate a superior therapeutic effect. Further scientific investigation and
larger sample sizes are required to elucidate the impact of MSCs on the efficacy of other
hypoglycemics and antihypertensive drugs.

6. Challenges and Prospects

Although the beneficial role of MSC therapy in DKD has been widely accepted, some
potential issues still need to be improved in its clinical application and promotion.

The safety of MSCs in DKD has been preliminarily verified. To date, few studies have
reported adverse events associated with the use of MSCs in DKD. Nevertheless, the safety of
this approach remains a topic of debate, given the limited scope of clinical research and the
relatively short observation period. A recent study has revealed that MSCs may undergo
chromosomal abnormalities even during the early passages of their growth cycle and may
develop into malignant tumors if transplanted within the body [85]. DKD-related factors
(including hyperglycemia and uremia) may alter the differentiation potential of MSCs,
which limits their application. While RNA sequencing indicates that the angiogenic and
repair potential of MSCs derived from adipose tissue in DKD subjects can be preserved [86]
and that diabetic microenvironment preconditioning of ADSCs has been demonstrated to
enhance their antidiabetic, anti-long-term complications and anti-inflammatory effects in
type 2 diabetic rats [87], alterations in the transcriptome associated with angiogenesis have
been observed [86,88]. Furthermore, a randomized controlled trial yielded evidence that
the duration of type 2 diabetes mellitus and obesity influence the efficacy of autologous
transferred BM-MSCs [89]. Therefore, the microenvironment of diabetes may result in poor
implantation and limited differentiation of stem cells, differentiation into undesired cell
lineages, and malignant transformation or genetic distortion of stem cells.

In addition, the MSCs currently used in clinical studies are all administered in a
single dose, with limited efficacy. The potential for multiple injections in the future cannot
be ruled out, but this may result in additional adverse reactions, including sensitization
reactions caused by repeated administrations, local complications (hematoma formation,
local infection), and vascular obstruction (dyspnea, oliguria, myocardial infarction, venous
thromboembolism events). In the future, if it is demonstrated that repeated in vivo injection
of MSCs is safe and well tolerated, repeated administration may prove to be a more
efficacious approach and may be suitable for assessing long-term effects on renal function.
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Given the potential tumorigenicity and ethical concerns associated with the use of
MSCs in clinical practice, there are now more recommendations for cell-free therapies. Cell-
free therapy is a biological treatment that primarily uses extracellular matrixs, cytokines,
biomolecules, or other biomolecules to treat diseases without the injection or use of live
cells. This therapy aims to utilize the natural repair mechanisms within the body or provide
bioactive ingredients to promote tissue regeneration and repair. In the treatment of DKD,
it has been found that exosomes and mitochondria, two cell products, may have similar
effects with applied cells.

As summarized in Table 1, the potential of MSC-exos as a cell-free treatment strategy
for DKD has been demonstrated to hold negotiable promises. MSC-exos can avoid many
safety issues of MSCs, not only reducing unexpected differentiation of cells at risk of tumor
formation but also avoiding secondary ischemic injury caused by vascular coagulation Fur-
thermore, studies have shown that the pretransplantation of exogenous mitochondria into
endothelial cells (ECs) induces transient cell protection through mitochondrial autophagy,
thereby enabling the implantation of ECs without the necessity of MSC support [69]. These
strategies offer novel approaches to transplanting or regenerating DKD glomerular en-
dothelial cells. A detailed exploration of the mechanism of MSCs in the treatment of DKD
is likely to facilitate the development of new MSC treatments in the future. Specifically, the
extraction and direct input of active ingredients of MSCs can effectively circumvent the
potential risks associated with MSC infusion. It is imperative that future studies under-
take a comprehensive evaluation of the safety of MSCs in the treatment of DN and that
strategies to enhance their safety be explored, including autologous MSC transplantation,
immunosuppressive therapy, and gene-editing techniques.

A further challenge is that the biodistribution of MSCs and exosomes after in vivo
injection suggested that the aggregation of MSCs in the kidney was limited and their
retention time was short, which diminished the therapeutic potential of MSCs in kidney
diseases. At present, the most commonly used in vivo MSC injection method is intravenous
injection. Still, fluorescence tracing shows that MSCs injected into the tail vein of rats have
little or no renal homing. The PMSCs injected into the tail vein of mice mainly accumulated
in the thymus and spleen and rarely in the kidney after 24 h in male SD DKD rats [58]. The
concentration of human UC-MSCs-EVs in the kidney of db/db mice reached a maximum
at 12 h post-tail vein injection, after which the distribution of the EVs in the kidneys
decreased, with the majority accumulating in the liver [55]. It is essential to enhance the
renal targeted delivery efficiency of MSCs and their derivatives to optimize the utilization
rate of MSC therapy [40]. Some scholars have proposed that the direct implantation of
mesenchymal cell sheets into the renal capsule can increase the local MSC infiltration rate
and demonstrate superior therapeutic efficacy compared to the tail vein injection of MSCs.
Stromal cell-derived factor-1 (SDF-1) plays a crucial role in MSC migration, involving
activation, mobilization, homing, and retention [90], which may be related to poor homing
in DN treatment. In early DN rats, the expression of SDF-1 in the kidneys is weak, which
may be the reason for the poor homing effect of transplanted MSCs. The ultrasound-
targeted disruption of microbubbles loaded with SDF-1 has the potential to increase the
level of SDF-1 in targeted renal tissue, thereby promoting the homing of MSCs to early DN
kidneys. However, the impact of this approach on the therapeutic effect on the kidneys has
yet to be validated [91-93]. Recent studies have explored the combination of MSCs with
kidney-targeted materials. Fe304-coated polydopamine nanoparticles (NP) internalized
MSCs, which enhanced the homing of MSCs transplanted alone in the kidney tissue of
DKD mice, improved the accuracy of MSCs homing to the kidneys, and also enhanced
the renal function compared to MSCs transplanted alone [94]. It was also reported that
the use of a hydrogel containing arginine glycine aspartate (RGD) peptide increased the
renal retention and stability of MSC-EVs, had an excellent rescue effect on renal function
in the mouse AKI model, reduced histopathological damage and renal tubular damage,
and promoted cell proliferation in the early stage of AKI [95]. There is potential for
improving the repair efficiency of DKD-damaged cells and enhancing the fibrosis process.
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Furthermore, three-dimensional (3D) cultured MSCs have been shown to have higher cell
survival rates and enhanced anti-inflammatory effects, which may be due to enhanced
autophagy of MSCs [79]. In the future, the development of new composite applications of
MSCs and related derivatives and materials, as well as the pretreatment of MSCs through
various methods, are expected to make new progress in the treatment of DKD.

Despite the potential risks associated with the application of MSCs, their regenerative
function in nephrons is irreplaceable, enabling the reversal of damage in advanced kidney
disease. In addition, EVs secreted by MSCs have shown great potential as drug carriers
in recent years [96-98]. Extracellular vesicles offer a promising approach to drug delivery,
combining the advantages of cells and nanotechnology in drug delivery. For example, EVs
can enhance the stability of drugs, and they have a natural targeting ability based on donor
cells when delivering drugs. EVs are nanosized molecules with cell surface substances, so
they have biological solid barrier permeability and can selectively penetrate tissue damage.
Therefore, EVs will be a promising drug delivery system for treating DKD.

7. Conclusions

The management of DKD is a major challenge as there are currently no strategies
available to regenerate lost nephron function. The pathological process of DKD is highly
complicated, with a variety of contributing factors that collectively impede the development
of effective therapies and preclude a complete cure. Therefore, it is important to gain a
deeper understanding of the pathological mechanism to facilitate the development of more
effective treatments for DKD. The vulnerability and limited regenerative capacity of the
nephron significantly impede the recovery of renal function. As a regenerative medicine
therapy, MSCs have brought new hope for the treatment of DKD, but various problems
derived from them still need to be addressed. Cell-free therapy may be the choice in the
future. Exosomes and mitochondria derived from MSCs have great potential in improving
renal function. At the same time, the combined application of MSCs and other therapies
including MSCs and exosomes as carriers of targeted delivery drugs, MSCs to enhance the
efficacy of other therapeutic drugs, and MSCs combined with targeted kidney materials to
enhance the efficacy of MSC therapy are worthy of attention. We need to optimize MSC
therapy to improve the therapeutic effect in DKD, and further investigation is necessary to
elucidate the precise function of MSCs in DKD. Overcoming current challenges will provide
a comprehensive rationale for the clinical application of MSC therapy in the treatment of
DKD, offering a promising avenue for the clinical management of DKD.
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