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Investigation of the protective effects @
of dichloroacetic acid in a rat model
of diabetic neuropathy
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Abstract

Background Diabetic neuropathy (DN) is a heterogeneous condition characterized by complex pathophysiological
changes affecting both autonomic and somatic components of the nervous system. Inflammation and oxidative
stress are recognized contributors to the pathogenesis of DN. This study aims to evaluate the therapeutic potential of
dichloroacetic acid (DCA) in alleviating DN symptoms, focusing on its anti-inflammatory and antioxidant properties.

Methods Thirty-two adult male Sprague Dawley rats were divided into four groups: Control, Diabetic, and two
DCA-treated groups receiving 5 mg/kg and 10 mg/kg of DCA, respectively. Diabetes was induced with streptozotocin
(STZ) injections. Assessments included lipid peroxidation levels, plasma fibroblast growth factor-21 (FGF-21) and
transforming growth factor-beta (TGF-) levels, electrophysiological measurements, histological examination of the
sciatic nerve, and motor function tests.

Results Treatment with DCA significantly reduced malondialdehyde (MDA) levels, indicating decreased lipid
peroxidation. Plasma TGF-3 levels were also lower in the DCA-treated groups, suggesting diminished inflammation.
Conversely, plasma FGF-21 levels were elevated. Electrophysiological assessments revealed enhanced compound
muscle action potential (CMAP) amplitudes and reduced distal latencies in DCA-treated rats, indicative of improved
nerve conduction. Histopathological examinations showed reduced perineural thickness in the sciatic nerves of DCA-
treated rats, pointing to decreased fibrosis. Enhanced performance in motor function tests was observed in these rats,
implying improved muscle strength and motor capacity.

Conclusions The study demonstrates that DCA therapy significantly reduces oxidative stress and inflammation

in a rat model of DN, thereby ameliorating neuropathic symptoms. These results support the potential of DCA as a
promising therapeutic agent for DN treatment. Further research is warranted to explore its clinical applications and to
provide more detailed insights.
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Introduction

Diabetes Mellitus (DM) is a multifaceted syndrome char-
acterized by impaired carbohydrate metabolism, with a
significant global prevalence that correlates with elevated
rates of mortality and morbidity [1]. The International
Diabetes Federation reports that approximately 425 mil-
lion people worldwide currently suffer from diabetes, a
number projected to escalate to 643 million by 2030 and
783 million by 2045 [2, 3]. Among the myriad compli-
cations of diabetes mellitus, neuropathy stands out as a
prevalent chronic manifestation. According to a recent
study, approximately 12% of patients with diabetes mel-
litus had diabetic neuropathy. Diabetic neuropathy (DN)
causes functional abnormalities, disability and periph-
eral nerve damage in the organ affected by long-term
diabetes [4]. DN is broadly categorized as a disorder of
peripheral nerves that can be hereditary, traumatic, com-
pressive, metabolic, toxic, nutritional, infection-related,
immune-mediated, or non-neoplastic in nature [5]. Epi-
demiological data suggest that neuropathy has a preva-
lence of 1-4%, with diabetes accounting for 40-55% of
these cases [6, 7]. The incidence of neuropathy is notably
higher in individuals with type 2 diabetes (42.2%) com-
pared to those with type 1 diabetes (29.1%) [8]. Approxi-
mately 75% of DN cases are identified as distal symmetric
polyneuropathy, a condition that progresses slowly and
often leads to neuropathic pain, severely diminishing the
quality of life and functional capacity of those affected
[9]. The primary pathological mechanisms in diabetes-
related neuropathy include inflammation and oxida-
tive stress induced by chronic hyperglycemia. Effective
blood pressure management has been shown to mitigate
these adverse effects and reduce the incidence of DN.
The relationship between effective blood pressure man-
agement and the reduction in the incidence of DN is
well-documented in clinical studies. Research has dem-
onstrated that maintaining blood pressure within the
recommended range (typically<140/90 mmHg, or even
lower for diabetics with complications) reduces the risk
of diabetic neuropathy. Trials such as the UK Prospective
Diabetes Study (UKPDS) emphasise the importance of
tight blood pressure control in reducing diabetes-related
complications. Patients with controlled blood pressure
exhibit a slower progression of neuropathic symptoms
compared to those with uncontrolled hypertension [10,
11].

There is ample evidence that dichloroacetic acid (DCA)
is a metabolic modifier which, by inhibiting pyruvate
dehydrogenase kinase (PDK), restricts glycolysis and
enhances mitochondrial oxidative metabolism. This
fundamental mechanism of action has been repeatedly
confirmed in a variety of tumours and circumstances, as
shown in studies [12]. Additionally, it curtails the hepatic
biosynthesis of cholesterol and triglycerides. While
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certain studies indicate DCA’s neutral effects on hemody-
namics. Others have documented its beneficial impact on
cardiac function post-ischemia and its significant reduc-
tion of acute kidney injury [13, 14]. Further research has
highlighted DCA’s role in enhancing glucose oxidation in
various mitochondrial disorders. However, the explora-
tion of DCA’s utility in cancer treatment remains limited
to a few cell lines, with an incomplete understanding of
the alternative apoptotic pathways it may regulate [15].
To our knowledge, to date, the potential effects of DCA
on DN have not been thoroughly investigated. Consid-
ering the gaps in current research, this study posits that
DCA could offer protective or therapeutic benefits in
DN. We are of the opinion that the study is valuable in
this respect. Accordingly, this investigation is designed to
explore the efficacy of DCA as a preventive or therapeu-
tic agent against the damage wrought by this condition.

Materials and methods

Animal preparation

The study utilized 32 adult male Sprague Dawley rats,
each weighing between 200 and 210 g, were obtained
from the Demiroglu Science University Experimental
Animal Research Center for the study. These animals
were accommodated under controlled conditions with a
12-hour light/dark cycle at a stable room temperature of
22+2 °C. Throughout the study, the rats had ad libitum
access to a standard pellet diet and tap water. All experi-
mental procedures adhered to the ethical guidelines
approved by the Institutional Animal Care and Ethical
Committee of the University of Science (Ethical Approval
Number: 28210104, Date:13.02.2023). Moreover, all pro-
cedures were conducted in accordance with the Guide
for the Care and Use of Laboratory Animals endorsed by
the National Institutes of Health (USA).

Drugs and chemicals
Streptozotocin (STZ)-Sigma-Aldrich Inc, Saint Louis,
Missouri.

Glucose oxidase reagent strip-Boehringer Mannheim,
Indianapolis.

DCA- Sigma-Aldrich Inc.

Biopac bipolar subcutaneous needle stimulation elec-
trode (BIOPAC Systems, Inc., Santa Barbara, CA, USA).

Transforming Growth Factor Beta (TGF-p) and Fibro-
blast Growth Factor-21 (FGF-21)-immunosorbent assay
(ELISA) kits from Biosciences.

Experimental design

In the study, diabetic mellitus (DM) was induced by
streptozocin in 24 of 32 Sprague Dawley rats. A single
dosage of STZ from Sigma-Aldrich, Inc., Saint Louis,
Missouri, USA, was injected intraperitoneally at a con-
centration of 60 mg kg in 0.9% NaCl, which was then
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adjusted to a pH of 4.0 using 0.2 M sodium citrate. The
remaining eight rats served as the control group, receiv-
ing no chemical treatment and maintaining normal
blood glucose levels below 120 mg/dl. DM confirmation
occurred 24 h post-injection, utilizing glucose oxidase
reagent strips for blood glucose evaluation with read-
ings exceeding 250 mg/dL indicating diabetes. Subse-
quently, the diabetic rats were randomly assigned into
three groups: Group 1 (n=38; diabetic and saline-treated)
received 1 ml/kg saline, Group 2 (n=8; diabetic and low-
dose DCA-treated) received DCA at 5 mg/kg/day, and
Group 3 (n=8; diabetic and high-dose DCA-treated)
received DCA at 10 mg/kg/day, all via intraperitoneal
administration for four weeks. Doses 5 and 10 mg/kg/day
were determined based on previous studies. Higher doses
may lead to liver toxicity and neurological side effects
[16].

At the conclusion of the treatment period, electromy-
ography (EMG) and inclined plane testing were con-
ducted. Following these assessments, the animals were
euthanized, and both blood and sciatic nerve samples
were collected for biochemical and histopathological
examination, respectively.

Electromyography (EMG) assessment

EMG recordings were taken three times from the right
sciatic nerve using a Biopac bipolar subcutaneous needle
stimulation electrode (BIOPAC Systems, Inc., Santa Bar-
bara, CA, USA) positioned at the Achilles tendon. Stimu-
lations were supra-maximal (intensity 10 V, duration 0.05
ms, frequency 1 Hz, within a range of 0.5-5000 Hz, at
a 40 kHz/sec sampling rate). Compound muscle action
potentials (CMAPs) and changes in motor nerve conduc-
tion velocity (NCV) were captured using unipolar needle
electrodes implanted in the 2-3 interosseous muscle.
Data were analyzed using Biopac Student Lab Pro ver-
sion 3.6.7 software (BIOPAC Systems, Inc.). During the
EMG measurements, the rectal temperatures of the rats
were monitored using a rectal probe (HP Viridia 24-C;
Hewlett-Packard Company, Palo Alto, CA, USA) and
maintained between 36 °C and 37 °C using a heating pad.

Inclined plane test

Motor function of the rats was assessed using the
inclined plane test, as described by Rivlin and Tator, one
month following STZ administration [17]. The apparatus
consisted of a 50 cm x 30 cm stainless steel plane. The
maximum angle at which a rat could maintain its body
position without limb slippage was determined. This test
was conducted three times per animal for each head posi-
tion, with trials averaged and interspersed with 1-minute
intervals between attempts.
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Histopathological examination of the sciatic nerve

Sciatic nerve samples were fixed in formalin, sectioned at
4 pm thickness, and stained with hematoxylin and eosin.
The perineural thickness of the sciatic nerve was quanti-
tatively assessed using an Olympus C-5050 digital cam-
era attached to an Olympus BX51 microscope.

Measurement of lipid peroxidation

Lipid peroxidation in the plasma was quantified by mea-
suring the levels of malondialdehyde (MDA) as thio-
barbituric acid reactive substances (TBARS) [18]. The
procedure involved adding trichloroacetic acid and
TBARS reagent to the plasma samples, followed by mix-
ing and heating at 100 °C for 60 min. After cooling on ice,
the samples were centrifuged at 3000 rpm for 20 min,
and the absorbance of the supernatant was measured at
535 nm. Calibration was performed using tetraethoxy-
propane, and MDA levels were reported in nM.

Measurement of plasma TGF-p and FGF-21

The concentrations of plasma TGF-p and FGF-21 were
determined using enzyme-linked immunosorbent assay
(ELISA) kits from Biosciences. Levels of these biomark-
ers were expressed in pg/ml.

Statistical analysis

Data were analyzed using SPSS software version 15.0
for Windows. The groups of parametric variables were
compared using Student’s t-test and analysis of variance
(ANOVA), while the groups of nonparametric variables
were analyzed with the Mann-Whitney U test and Krus-
kal Wallis test. Results were expressed as mean + stan-
dard error of the mean (SEM). A p-value of <0.05 was
considered statistically significant.

Results
Evaluation of electrophysiological records
Electrophysiological assessments focused on measure-
ments of compound muscle action potential (CMAP)
and distal latency. In the control group, CMAP values
were recorded at 10.7+£0.9 mV (Fig. 1a; Table 1). For the
diabetic group receiving saline, there was a significant
reduction in CMAP, with a recorded value of 7.8+0.6
mV in comparison with control group (p=0.034) (Fig. 1b;
Table 1). Diabetic rats administered 5 mg/kg of DCA dis-
played an improvement in CMAP, with values reaching
8.3+0.5 mV in comparison with diabetes +saline group
(p=0.041) (Fig. 1c; Table 1). Those treated with a higher
dose of 10 mg/kg DCA showed further improvement,
registering a CMAP of 9.1+0.3 mV in comparison with
diabetes + saline group (p=0.012) (Fig. 1d; Table 1).
Concerning distal latency, the control group exhibited a
latency of 1.4+ 0.03 ms (Fig. 1a; Table 1). This metric was
prolonged in the saline-treated diabetic group, marked
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Fig. 1 a Control group EMG, b Diabetic and saline treatment EMG, ¢ Diabetic and DCA 5 mg/kg treatment EMG, d DCA 10 mg/kg treatment EMG

Table 1 Impact of DCA treatment on CMAP amplitude and
distal latency in diabetic rats

Control  Diabetes Diabetes and Diabetes

group and saline DCA 5mg/kg and DCA

treatment treatment 10 mg/kg

treatment

CMAP Ampli- 10.7+09 7.8+06* 83+0.5# 9.1 £0.3##
tude (mV)

Distal Latency 14+003 1.7+£0.08* 1.5+0.1# 1.5+0.06#

(ms)

DCA: Dichloroacetic acid; CMAP Amplitude: Compound muscle action potential
amplitude

Data are expressed as mean = SEM
CMAP Amplitude:
Diabetes and saline treatment group vs. control group: *p=0.034

Diabetes and 5 mg/kg DCA treatment group vs. Diabetes+saline group:
#p=0.041

Diabetes and 10 mg/kg DCA treatment group vs. Diabetes+saline group:
##p=0.012

Distal Latency:
Diabetes and saline treatment group vs. control group: *p=0.022

Diabetes and 5 mg/kg DCA treatment group vs. Diabetes+saline group:
#p=0.038

Diabetes and 10 mg/kg DCA treatment group vs. Diabetes+saline group:
##p=0.017

by an increased latency of 1.7+0.08 ms in comparison
with control group (p=0.022) (Fig. 1b; Table 1). Dia-
betic groups treated with 5 mg/kg (»=0.038) and 10 mg/
kg (p=0.017) DCA showed notable reductions in distal
latency, measuring 1.58+0.1 ms (Fig. 1c; Table 1) and
1.5+£0.06 ms in comparison with diabetes + saline group
(Fig. 1d; Table 1), respectively.

A comparison between the control group and the
untreated diabetic group revealed significant differences

in sensory nerve conduction studies (p=0.022). Specifi-
cally, diabetic rats not treated with DCA exhibited con-
siderably lower CMAP amplitudes and prolonged distal
latencies in the sciatic nerve. In contrast, diabetic rats
treated with DCA demonstrated a significant increase in
CMAP amplitudes, with the most pronounced improve-
ments observed in the group receiving 10 mg/kg DCA
(p=0.017). Furthermore, DCA treatment was associated
with shorter distal latencies in diabetic rats compared to
those not receiving DCA treatment (Fig. 1; Table 1).

Histological assessment of the sciatic nerve
Histological analyses were conducted to measure the
perineural thickness of the sciatic nerve. In the con-
trol group, the perineural thickness was measured at
3.5+0.8 um (Fig. 2a; Table 3). Diabetic rats that received
saline showed a significant increase in perineural thick-
ness, recording 24.5+4.2 um in comparison with con-
trol group (p=0.0087) (Fig. 2b; Table 3). Treatment with
5 mg/kg of DCA in diabetic rats resulted in a decrease in
perineural thickness to 14.8+5.5 pm in comparison with
diabetes + saline group (p =0.046) (Fig. 2¢c; Table 3). More
pronounced reductions were observed in diabetic rats
treated with 10 mg/kg of DCA, where perineural thick-
ness was further reduced to 10.1+2.1 um in comparison
with diabetes + saline group (p =0.0013) (Fig. 2d; Table 3).
The comparative analysis indicated that the perineural
thickness in the sciatic nerves of diabetic rats receiving
saline was significantly greater than that of the control
group. Importantly, the reduction in perineural thickness
was more significant in rats administered 10 mg/kg DCA
compared to those given 5 mg/kg DCA (Fig. 2; Table 3).
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Fig. 2 The histological sections of sciatic nerve. Hematoxylin and eosin stain (H&E) (x 40 magnification); (@) control group p: perineurium, two way arrow:
perineural thickness, A: axon, (b) DM and saline treated group was shown increased perineural thickness (c) DM and 5 mg/kg DCA Group was shown
decreased perineural thickness (d) DM and 10 mg/kg DCA group was shown decreased perineural thickness

Table 2 Inclined plane performance and plasma glucose levels
in diabetic rats under different treatments

Control  Diabetes Diabetes Diabetes
group andsaline and5mg/  and 10 mg/
treatment kg DCA kg DCA
treatment  treatment
Maximum  815+66 443+32%  679+58#  745+73##
angle of
Inclined
plane test
(degree)
Plasmaglu-  785+4.7 4219+17.5% 344541214 3184+10.54#
cose (mg/dl)

DCA: Dichloroacetic acid

Data are expressed as mean = SEM

Inclined Plane Test (Maximum Angle):

Diabetes and saline treatment group vs. control group: *p=0.0004

Diabetes and 5 mg/kg DCA treatment group vs. Diabetes+saline group:
#p=0.0054

Diabetes and 10 mg/kg DCA treatment group vs. Diabetes+saline group:
##p=0.0032

Plasma Glucose Levels:
Diabetes and saline treatment group vs. control group: *»=0.0001

Diabetes and 5 mg/kg DCA treatment group vs. Diabetes+saline group:
#p=0.0073

Diabetes and 10 mg/kg DCA treatment group vs. Diabetes+saline group:
##p=0.0045

Assessment of motor function via inclined plane test

The inclined plane test was employed to assess the
motor function of the rats by measuring the maximum
angle at which they could maintain their position with-
out slipping. In the control group, the maximum angle
achieved was 81.5+6.6 (Table 2). Diabetic rats receiv-
ing saline exhibited a significantly lower maximum
angle of 44.3 £3.2 (p =0.0004) indicating impaired motor
capabilities in comparison with control group. Con-
versely, diabetic rats treated with 5 mg/kg (p=0.0054)
DCA achieved a higher angle of 67.9+5.8 and those
treated with 10 mg/kg (p=0.0032) DCA showed further
improvement, achieving an angle of 74.5+7.3 in compar-
ison with diabetes + saline group (Table 2). These findings
suggest that DCA treatment improves motor function in
diabetic rats compared to those receiving saline.

Evaluation of plasma glucose levels

Plasma glucose levels were analyzed across the vari-
ous groups. In the control group, glucose levels aver-
aged 78.5+4.7 mg/dL. Diabetic rats receiving saline
demonstrated significantly elevated glucose levels at
421.9+17.5 mg/dL in comparison with control group
(p=0.0001). Treatment with 5 mg/kg (»p=0.0073) DCA
reduced glucose levels of 344.5+12.1 mg/dL, while dia-
betic rats treated with 10 mg/kg (p=0.0045) DCA exhib-
ited further reduced glucose levels of 318.4+10.5 mg/
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Table 3 Comparative analysis of different treatment groups in a
diabetic rat model

Control Diabetes Diabetes and Diabetes
group and saline  5mg/kg DCA and 10 mg/
treatment  treatment kg DCA
treatment
Perineural 35408 245+4.2% 14.8+5.5# 101 £2.14#4#
Thickness
(um)
Plasma FGF- 885+94 2851+11.8% 4157+242## 4489+ 10.5##
21 (pg/ml)
PlasmaTGF- 42408 20.3+4.8* 13.2+53# 101 +£2.24#
Beta (pg/ml)
Plasma MDA 584+7.1 2659+124* 1248+115¢ 1102+ 186##
(nM)

DCA: Dichloroacetic acid; Plasma FGF-21: Plasma fibroblast growth factor 21;
Plasma TGF-Beta: Plasma transforming growth factor beta; Plasma MDA: Plasma
malondialdehyde

Data are expressed as mean + SEM
Perineural Thickness:
Diabetes and saline treatment group vs. control group: *»=0.0087

Diabetes and 5 mg/kg DCA treatment group vs. Diabetes+saline group:
#p=0.046

Diabetes and 10 mg/kg DCA treatment group vs. Diabetes+saline group:
##p=0.0013

Plasma FGF-21 Levels:
Diabetes and saline treatment group vs. control group: *»p=0.0058

Diabetes and 5 mg/kg DCA treatment group vs. Diabetes+saline group:
#p=0.0014

Diabetes and 10 mg/kg DCA treatment group vs. Diabetes+saline group:
##p=0.0010

Plasma TGF-Beta Levels:
Diabetes and saline treatment group vs. control group: *p=0.0046

Diabetes and 5 mg/kg DCA treatment group vs. Diabetes+saline group:
#p=0.033

Diabetes and 10 mg/kg DCA treatment group vs. Diabetes+saline group:
##p=0.021

Plasma MDA Levels:
Diabetes and saline treatment group vs. control group: *»=0.0079

Diabetes and 5 mg/kg DCA treatment group vs. Diabetes+saline group:
#p=0.042

Diabetes and 10 mg/kg DCA treatment group vs. Diabetes+saline group:
##p=0.0028

dL in comparison with diabetes + saline group (Table 2).
Both 5 mg/kg and 10 mg/kg DCA treatment group
showed significantly lower glucose levels, especially
10 mg/kg DCA doses were reduced more effectively. This
highlights the potential of higher doses of DCA to more
effectively manage hyperglycemia in diabetic rats.

Evaluation of plasma FGF-21, TGF-Beta, and MDA levels
MDA levels for assessing lipid peroxidation

MDA levels were quantified to assess lipid peroxida-
tion across different groups. The control group exhibited
MDA levels of 58.4+7.1 nM. In contrast, diabetic rats
receiving saline showed significantly elevated MDA lev-
els at 265.9+12.4 nM in comparison with control group
(p=0.0079), Diabetic rats treated with 5 mg/kg of DCA
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had reduced MDA levels of 124.8+11.5 nM (p=0.042),
and those treated with 10 mg/kg DCA demonstrated
further reduction to 110.2+18.6 nM in comparison with
diabetes + saline group (p=0.0028). These findings indi-
cate that DCA treatment significantly lowers lipid per-
oxidation in diabetic rats compared to untreated ones
(Table 3).

Plasma levels of FGF-21 and TGF-Beta

In the control group, plasma levels of FGF-21 and TGF-
Beta were measured at 88.5+9.4 pg/mL and 4.2+0.8 pg/
mlL, respectively. Diabetic rats receiving saline exhibited
increased levels of FGF-21 and TGF-Beta at 285.1+11.8
pg/mL and 20.3 +4.8 pg/mL, respectively in comparison
with control group (p=0.0058; p=0.0046). Treatment
with 5 mg/kg DCA resulted in elevated FGF-21 levels
of 415.7+24.2 pg/mL (p=0.0014), and decreased TGEF-
Beta levels to 13.2+5.3 pg/mL in comparison with dia-
betes + saline group (p=0.033). Rats treated with 10 mg/
kg DCA showed FGF-21 levels of 448.9+10.5 pg/mL
(p=0.0010), and further reduced TGEF-Beta levels of
10.1+2.2 pg/mL in comparison with diabetes +saline
group (p=0.021). These results suggest that while FGF-
21 levels were elevated in all diabetic groups, TGF-Beta
levels decreased significantly in those receiving DCA
treatment, indicating a potentially beneficial therapeutic
effect of DCA on inflammatory markers in diabetic rats
(Table 3).

Discussion

Diabetic neuropathy is a complex and multifaceted disor-
der with a yet unclear mechanism and pathophysiology,
affecting both the autonomic and somatic components
of the nervous system [10]. It is a complication of diabe-
tes mellitus that causes mellitus that affects the periph-
eral nerves, causing uncontrollable pain in the in the
upper and lower extremities. The treatment of DN is
difficult because no effective drugs are are available. In
recent years, studies have been carried out to been con-
ducted, focusing on the pathophysiology and various of
DN [19]. It is primarily driven by chronic hyperglycemia,
which increases free radical formation and overwhelms
the body’s endogenous antioxidants, leading to an accu-
mulation of toxic reactive oxygen products. Neuropathic
damage is often precipitated by increased glycosylation
of myelin sheath proteins and other nerve cell biomol-
ecules, resulting in oxidative damage [20]. In the con-
text of hyperglycemia, glycosylated lipoproteins facilitate
lipid oxidation, leading to elevated levels of oxidized
low-density lipoprotein (LDL) in diabetics. This process
contributes to endothelial damage, stimulates vasculi-
tis development, and negatively impacts nerve blood
flow, thereby exacerbating neuropathy [21]. Sasaki et al.
reported a significant reduction in sciatic nerve blood



Arni et al. BMC Pharmacology and Toxicology (2025) 26:15

flow in diabetic rats, a condition that can precipitate neu-
ronal ischemia and subsequent oxidative stress, poten-
tially leading to sensory neuropathy [22].

DCA was first considered a dangerous toxic industrial
waste product, then a potential treatment for lactic aci-
dosis. A recent studies found that DCA had anti-cancer
effects in experimental animals. It is a compound that
has been studied for its therapeutic effects in various
areas such as cancer and metabolic diseases. However,
the safety of its long-term use is controversial, especially
due to its potential toxicity on the esophagus and kid-
ney. Data on long-term use of DCA in studies are more
limited. In addition, studies have found that low-dose
use is effective in reducing toxicity risks. Our study is
also a 4-week study. The doses we used are also in the
low range. Studies have shown that DCA synergises with
conventional therapies and other repurposed drugs.
These findings have led to renewed interest in DCA [15].
Diabetes mellitus has been demonstrated to modify the
toxicity of hazardous chemicals in a number of ways, as
a result of its own pathophysiology. A study examining
one of the high-risk nitrogenous disinfection byproducts,
dichloroacetonitrile (DCAN), evaluated the neurotox-
icity of DCAN (11, 44, and 88 mg/kg) orally in normo-
glycemic and streptozotocin (STZ)-induced diabetic rats
for 28 days. The results of this study demonstrated that
STZ-induced diabetes significantly prolonged the median
survival time and total lethality after exposure to DCAN
(88 mg/kg) compared to that observed in normoglycemic
rats. Additionally, the study revealed that DCAN induced
brain oxidative damage by increasing glutathione con-
tent and decreasing malondialdehyde levels; however, it
was found that it did not cause oxidative damage in dia-
betic rats. In conclusion, the present study demonstrated
that STZ diabetic rats exhibited resistance to DCAN-
induced neurotoxicity with the dosage and dosage sched-
ule employed in the 28-day subacute toxicity test [16]. To
circumvent the potential for both toxicity and tolerance
development, our study evaluated low-dose administra-
tion of 5 mg/kg and 10 mg/kg DCA. This study’s find-
ings, which were obtained using low doses, support the
hypothesis that effective results can be achieved even at
low doses.

Furthermore, MDA, a critical marker of oxidative
stress, increases in diabetic conditions due to enhanced
lipid peroxidation. A decrease in MDA levels is an indica-
tor of reduced oxidative stress. In a study conducted by
Gonilli et al. in 2023, it was shown that MDA levels in
diabetic rats decreased significantly after Aesculus hippo-
castanum (AH) treatment compared to those not receiv-
ing AH [23]. In our study, MDA levels were reduced in
rats treated with DCA. This means an increase in antioxi-
dants such as glutathione, superoxide dismutase and cat-
alase [24]. DCA has also been shown to induce apoptosis,
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crucial for removing damaged cells, which underscores
the importance of both antioxidant and apoptotic path-
ways in mitigating inflammation [25]. Our findings are
consistent with these observations, as MDA levels were
significantly higher in diabetic rats compared to con-
trols but were substantially reduced in the DCA-treated
groups.

Several oxidative stress-related molecular pathways are
implicated in nerve dysfunction and pathological neuro-
nal changes. These include activation of the polyol path-
way, protein kinase C, and the formation of advanced
glycation end products. These processes contribute to
the degeneration seen in distal symmetrical depletion in
the peripheral terminals of nociceptors and intraepider-
mal nerve fibers. More proximal nerve changes, such as
demyelination of myelinated nerve fibers, axonal degen-
eration, necrosis, schwannopathy, and microangiopathy
are also observed [26]. At the onset of type 1 and type 2
diabetes, nerve conduction abnormalities are evident in
29-70% and 45-60% of patients, respectively, with noted
improvements in electromyographic readings following
hyperglycemia management [27]. Reduced CMAP ampli-
tude, a hallmark of axonal pathology in DN, along with
prolonged distal latency and slowed nerve conduction
velocity, are indicative of demyelination [28].

In our current study, comparisons between the control
group and untreated diabetic rats revealed significantly
lower CMAP amplitudes and prolonged distal latencies
in untreated diabetic rats. Conversely, DCA treatment
improved these conduction abnormalities. Notably, rats
receiving 10 mg/kg DCA showed the most pronounced
improvements in CMAP amplitude and the shortest
distal latencies compared to untreated groups. These
improvements suggest enhanced axonal regeneration and
remyelination, indicative of an increase in the number of
functional muscle units and axons. These observations
reinforce the therapeutic potential of DCA in mitigat-
ing the impairments associated with diabetic neuropathy,
highlighting its role in improving nerve function through
mechanisms that likely involve both neuroprotection and
enhancement of nerve repair processes.

The inclined plane test, a reliable method for evaluat-
ing muscle strength and motor performance, particularly
measures the maximal angle a rat can maintain before
slipping—a critical indicator in neuropathic disease [29].
Despite the predominance of sensory deficits in DN,
motor impairments such as those affecting 1-6% of the
population, can lead to significant clinical consequences
including muscle atrophy, particularly of the extensor
digitorum brevis (EDB), alterations in foot posture, and
severe outcomes such as ulcers and amputation [30-32].
Our findings revealed that diabetic rats had a markedly
lower inclination angle compared to the control group,
indicating reduced motor capabilities. However, rats
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treated with DCA exhibited significantly improved motor
function, maintaining their position at higher inclination
angles.

Fibroblast growth factor-21 (FGF-21) has been identi-
fied as a potent metabolic regulator, influencing lipid,
glucose, and energy metabolism. Initially discovered for
its role in enhancing glucose uptake in adipocytes, FGF-
21 has also shown protective effects against diet-induced
obesity in transgenic mice [33, 34]. Further studies have
validated the beneficial impacts of FGF-21 on metabolic
parameters without notable side effects, positioning it
as a promising therapeutic for type 2 diabetes mellitus
(T2DM) [33-36]. Interestingly, a 2019 study by Min et
al. demonstrated that DCA administration could induce
hepatic FGF-21 mRNA expression [37]. Consistent with
these findings, our study observed elevated plasma levels
of FGF-21 in diabetic rats, which were further increased
with DCA treatment.

Transforming growth factor-beta (TGF-p), a key player
in fibrosis, wound healing, and inflammation, typically
sees increased levels following trauma [38]. Our study
noted elevated serum TGF-p levels in diabetic rats, indic-
ative of tissue damage and fibrosis. However, these levels
significantly decreased following DCA treatment, sug-
gesting a potential anti-fibrotic effect of DCA in diabetic
neuropathy.

Hyperglycemia-induced pathways are a primary cause
of DN, with literature highlighting the hypoglycemic
effects of DCA [39]. It has been reported that DCA can
enhance insulin secretion and improve glucose utiliza-
tion, which aligns with findings from studies on certain
saponin-containing plants [40]. In our research, diabetic
rats exhibited significantly higher blood sugar levels com-
pared to controls. Although the reduction in glucose
levels was not significant in the group receiving 5 mg/kg
DCA, a substantial decrease was observed in rats admin-
istered 10 mg/kg DCA.

Histopathological examinations have shown that DN
often leads to axonal and myelin degeneration, alongside
increased perineural thickness due to fibrosis [41]. Our
study confirmed these findings, with untreated diabetic
rats showing significantly increased perineural thick-
ness compared to controls. However, DCA treatment
was associated with reduced perineural thickness, with
the most notable decrease observed in rats treated with
10 mg/kg DCA. This reduction likely results from DCA’s
anti-inflammatory properties, which mitigate fibrosis and
thereby reduce perineural thickening.

This comprehensive analysis underscores the multi-
dimensional benefits of DCA in managing DN. By sig-
nificantly improving nerve conduction properties,
enhancing motor functions, and moderating molecular
markers of oxidative stress and inflammation, DCA has
demonstrated a capacity to address both the underlying
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metabolic dysfunctions and their neurological conse-
quences. The correlation between improved metabolic
regulation, as evidenced by elevated levels of FGF-21, and
the reduction in TGF-p levels highlights DCA’s role not
only in mitigating hyperglycemia but also in ameliorating
the associated cellular and tissue damage. This holistic
approach to treatment, focusing on both metabolic con-
trol and neuroprotection, aligns with the emergent needs
for comprehensive therapeutic strategies in DN, suggest-
ing a promising avenue for further research and clinical
application. This study not only reinforces the therapeu-
tic potential of DCA but also sets a foundation for future
investigations to explore its full spectrum of benefits in
chronic diabetic conditions.

This study demonstrates that DCA significantly miti-
gates symptoms of DN in rats. Treatment with DCA
notably enhanced nerve conduction, as evidenced by
increased compound muscle action potential (CMAP)
amplitudes and reduced distal latencies. Histological
assessments revealed that DCA decreased perineural
thickness, suggesting a reduction in nerve fibrosis. Bio-
chemically, DCA was associated with lower levels of oxi-
dative stress markers, particularly MDA, highlighting
its antioxidant properties. Furthermore, the observed
increases in FGF-21 and decreases in TGF-p underscore
DCA’s anti-inflammatory effects. These findings under-
score the potential of DCA as a therapeutic agent for DN
and support the need for further research into its clinical
applications.

The study, however, is not without limitations. Firstly,
it is based on a rat model, and the results may not be
directly applicable to humans without comprehensive
preclinical testing. Secondly, the number of rats used was
constrained due to ethical considerations and limited
funding. It is anticipated that future studies, potentially
involving larger human cohorts and exploring different
DCA dosages, modes of administration, and durations,
will provide deeper insights into the protective and thera-
peutic effects of DCA against DN.
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