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a b s t r a c t

Diabetic peripheral neuropathy (DPN) is a common and devastating complication of diabetes, for
which effective therapies are currently lacking. Disturbed energy status plays a crucial role in DPN
pathogenesis. However, the integrated profile of energy metabolism, especially the central carbohy-
drate metabolism, remains unclear in DPN. Here, we developed a metabolomics approach by targeting
56 metabolites using high-performance ion chromatography-tandem mass spectrometry (HPIC-MS/
MS) to illustrate the integrative characteristics of central carbohydrate metabolism in patients with
DPN and streptozotocin-induced DPN rats. Furthermore, JinMaiTong (JMT), a traditional Chinese
medicine (TCM) formula, was found to be effective for DPN, improving the peripheral neurological
function and alleviating the neuropathology of DPN rats even after demyelination and axonal
degeneration. JMT ameliorated DPN by regulating the aberrant energy balance and mitochondrial
functions, including excessive glycolysis restoration, tricarboxylic acid cycle improvement, and
increased adenosine triphosphate (ATP) generation. Bioenergetic profile was aberrant in cultured rat
Schwann cells under high-glucose conditions, which was remarkably corrected by JMT treatment. In-
vivo and in-vitro studies revealed that these effects of JMT were mainly attributed to the activation of
adenosine monophosphate (AMP)-activated protein kinase (AMPK) and downstream peroxisome
proliferator-activated receptor gamma coactivator 1-alpha (PGC-1a). Our results expand the thera-
peutic framework for DPN and suggest the integrative modulation of energy metabolism using TCMs,
such as JMT, as an effective strategy for its treatment.
© 2023 The Author(s). Published by Elsevier B.V. on behalf of Xi’an Jiaotong University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Diabetic peripheral neuropathy (DPN) is a common and severe
complication of diabetes that is characterized by demyelination and
axonal degeneration of peripheral nerves and affects at least half of
all patients with diabetes [1e3]. Typical symptoms of DPN include
neuropathic pain, dysesthesia (burning or tingling), numbness,
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weakness, and balance problems, resulting in a poor quality of life.
Loss of sensation in the lower extremities also increases the risk of
foot ulceration and limb amputation, resulting in high medical
costs [4] and prolonged suffering for the patients. Other than
optimal glycemic control, no specific treatments are currently
available for peripheral nerve injuries caused by diabetes. Even
strict glycemic control cannot completely block or reverse the
progression of DPN. Therefore, effective DPN treatment is a sig-
nificant challenge in clinical practice. The pathogenesis of DPN is
complex and involves multiple mechanisms, including the activa-
tion of polyol pathway, accumulation of advanced glycation end
products, oxidative stress, and inflammation [3,5].

Energymetabolismdisorders andmitochondrial dysfunction play
vital roles in the pathogenesis of DPN [6e8]. Central carbohydrate
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metabolism is considered as the core of energy metabolism, which
mainly comprises the glycolysis (an anaerobic process that breaks 6-
carbon glucose into 3-carbonpyruvate), tricarboxylic acid (TCA) cycle
(also known as the citric acid cycle or Krebs cycle to produce aden-
osine triphosphate (ATP), and pentose phosphate (another pathway
for glucose catabolism that produces reduced form of the nicotin-
amide adenine dinucleotide phosphate (NADPH)) pathways [9].
Chronic hyperglycemia can lead to elevated glycolysis and distur-
bances in the TCA cycle, resulting in axonal degeneration and
demyelination of peripheral nerves [10e12]. However, owing to the
structural similarity and hydrophilic nature of metabolites involved
in central carbohydrate metabolism, the holistic view and bio-
energetic crosstalk of thesemetabolicpathways in the circulation and
peripheral nervous system have not yet been fully elucidated under
the pathological condition of DPN. Therefore, a comprehensive un-
derstanding of metabolic profiles and underlying mechanisms of
energymetabolism is crucial for the development of new therapeutic
strategies for DPN.

The homeostatic control of energy balance involves a complex
network of mediators and multiple signaling pathways. Mitochon-
dria are the powerhouse of cells and play a key role in maintaining
energy homeostasis. Accumulating evidence suggests that mito-
chondrial dysfunction in the peripheral nervous system plays a vital
role in DPN [6,13e15]. Alterations in the ultrastructural morphology
and proteome of mitochondria have been observed in both dorsal
root ganglia (DRG) neurons and sciatic nerves of diabetic rodent
models, as well as in cultured Schwann cells exposed to high glucose
[14,16,17]. Furthermore, the activation of adenosine monophosphate
(AMP)-activated protein kinase (AMPK), the master regulator of
cellular energy homeostasis, was found to be depressed during dia-
betes [7]. The downstream peroxisome proliferator-activated recep-
tor gamma coactivator 1-alpha (PGC-1a), a main mediator in
coordinating mitochondrial biogenesis, has been proposed as a key
factor for neuronal survival and synaptic transmission [18,19]. The
disruption of AMPK/PGC-1a axis led to abnormal mitochondrial
membrane potential and respiratory capacity, which further induced
oxidative stress, autophagy, and inflammation [20,21], and finally
caused increased apoptosis of neurons and Schwann cells, axonal
degeneration, and regeneration disorders [13,22]. Emerging evi-
dences indicate that regulation of AMPK signaling may serve as an
attractive therapeutic approach for DPN [8,23e25].

Though few treatment options are accessible, traditional Chi-
nese medicine (TCM) provide potential avenue in DPN manage-
ment during decades. JinMaiTong (JMT), a formula based on TCM
theory, is prescribed at the Peking Union Medical College Hospital
to treat DPN successfully. Previous randomized controlled trial
showed that JMT significantly relieved symptoms, including
numbness, pain, and uncomfortable paresthesia in the limbs, and
improved nerve conduction velocity in patients with DPN [26].
JMT has been shown to have good clinical efficacy, safety, and
tolerability for over 30 years. The pharmacological mechanism of
JMT needs to be further elucidated so as to promote its further use.
Our untargeted metabolomics study using an ultra-high-
performance liquid chromatography-tandem mass spectrometry
(UPLC-MS/MS) platform preliminarily indicated that JMT could
ameliorate metabolic disorders in the serum of diabetic rats,
among which metabolites closely related to the TCA cycle were
involved [27]. However, the specific effects of JMT on central
carbohydrate metabolism and energy homeostasis, as well as the
underlying molecular mechanisms, have not been clarified.

This study consisted of human, animal, and cellular experiments
(Fig. 1). To better understand the relationship between energy
metabolism and DPN, we developed a targeted metabolomics
approach using high-performance ion chromatography-tandem
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QTRAPTM mass spectrometry (HPIC-QTRAP-MS/MS) to characterize
the profile of central carbohydrate metabolism of DPN in patients
and streptozotocin (STZ)-induced rats. On this basis, the pharma-
ceutical effect and underlying mechanism of JMT were investigated
in vivo and in vitro. The results supported our hypothesis that JMT
could significantly correct aberrant metabolism and maintain mito-
chondrial homeostasis via the activation of AMPK, thereby promot-
ing nerve repair and regeneration in DPN rats and protecting
Schwann cells from high-glucose damage. To the best of our
knowledge, this is the first study to explore the potential mechanism
of TCM in the treatment of DPN based on the holistic regulation of
energymetabolism, which is crucial for a better understanding of the
clinical effect of JMT. This study also proposes a promising treatment
strategy for DPN involving the restoration of energy homeostasis.

2. Materials and methods

2.1. Human study

In the human experiment, 32 patients with DPN and 25 age-
matched healthy volunteers were recruited from the Peking Union
Medical College Hospital (Beijing, China). The modified Toronto
Clinical Neuropathy Score (TCNS) [28] and Michigan Diabetic Neu-
ropathy Score (MDNS) [29], two crucial indicators reflected the
severity of peripheral nervous symptoms and functions quantita-
tively, were evaluated for each patient in this study. The scoring
details are listed in Tables S1 and S2. Details of the diagnostic criteria,
inclusion and exclusion criteria, and clinical characteristics are
shown in the Supplementary data (Section S1 and Table S3). In our
study, the diagnosis of DPN was confirmed by a reduction in nerve
conduction velocity via neuroelectrophysiological testing, which has
been recognized as the gold standard for DPN diagnosis. Fasting
serum samples were collected from all participants for targeted
metabolomics analysis (Supplementary data Section S1). The study
was approved by the Ethics Committee of Peking Union Medical
College Hospital (Approval No.: ZS-1969) and performed in accor-
dance with the Declaration of Helsinki. Informed consent was ob-
tained from each participant before participation.

2.2. Drugs and reagents

In accordance with our previously reports [27,30], JMT consists of
12 kinds of TCMs, including the seeds of Cuscuta chinensis Lam., the
seeds of Ligustrum lucidum Ait., the herb of Prunella vulgaris L., the
herb of Eclipta prostrate L., the tender stem of Cinnamomum cassia
Presl., the herb of Prunus persica L., the rhizoma of Corydalis yanhusuo
W.T. Wang, the seeds of Cassia obtusifolia L., Litchi chinensis Sonn.,
radix and the rhizoma of Asarum heterotropiodes F., Hirudo nipponica
W., and Buthus martensii K. at a mass ratio of
10:10:10:10:10:10:10:30:30:3:3:3 (Table S4). All crude drugs were
obtained from Beijing Tong Ren Tang Co., Ltd. (Beijing, China) and
authenticated by Prof. Xiaochun Liang (Peking UnionMedical College
Hospital, Beijing, China) according to the Chinese Pharmacopoeia. The
batch numbers of crude drugs are listed in Table S4. Voucher speci-
mens were deposited at the Department of Traditional Chinese
Medicine, Peking Union Medical College Hospital, Beijing, China
(Fig. S1). Thecrudedrugsweremacerated indistilledwater for 2hand
refluxed twice with 10-fold water (1:10,m/V) for 2 h. After filtration,
the JMT decoction was frozen to dry at �50 �C with yield of 19%, and
then kept in seal at �80 �C until rat administration. The chemical
profile and main components of JMT from the same batch were
investigated by high performance liquid chromatography (HPLC)/
triple-time-of-flight (TOF) MS analysis in our previous research [27].
The other drugs, chemicals, and reagents are listed in Table S5.



Fig. 1. Schematic overview of the experimental design. This study consisted of human, animal, and cell experiments. ****P < 0.0001. DPN: diabetic peripheral neuropathy; MDNS:
Michigan Diabetic Neuropathy Score; TCNS: modified Toronto Clinical Neuropathy Score; AMP: adenosine monophosphate; CON: control; JMT: JinMaiTong; LA: a-lipoic acid; MNCV:
motor nerve conduction velocity; AMPK: AMP-activated protein kinase; NRF1: nuclear respiratory factor 1; TFAM: mitochondrial transcription factor A; LKB1: liver kinase B1; PGC-1a:
peroxisome proliferator-activated receptor gamma coactivator 1-alpha; SIRT1: sirtuin 1; NG: normal glucose; HG: high glucose; CC: Compound C (an AMPK inhibitor); PI: propidium
iodide; FITC: fluorescein isothiocyanate; OCR: oxygen consumption rate; ATP: adenosine triphosphate; FCCP: carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone.
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2.3. Animal experimental design

Male Sprague-Dawley (SD) rats weighted 180e200 g were
purchased from SiPeiFu (Beijing) Biotechnology Co., Ltd. (Beijing,
China) and maintained in a specific pathogen-free (SPF) grade
environment. Diabetes was induced by a single intraperitoneal
injection of 55 mg/kg STZ [31]. Rats with blood glucose
>16.7 mmol/L after three days were considered as diabetic
models. After eight weeks duration of diabetes, the rats that
developed neuropathy confirmed by Von Frey filaments and
thermal response tests were randomly assigned to three groups
(n ¼ 6 per group): DPN model group, DPN treated with JMT group
(DPN þ JMT), and DPN treated with the positive drug a-lipoic acid
(LA, a commonly used drug in the clinic) group (DPN þ LA). A
control group was established. The rats in the DPN þ JMT group
were orally administered JMT at a dose of 27.8 g/kg once daily
(according to the crude drugs and based on our previous study
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with various dosages of JMT [27]). The DPN þ LA group was
treated with LA at a dose of 60 mg/kg daily via gavage. LA was
dispersed in 0.5% (V/V) sodium carboxymethyl cellulose. The
control and DPN model rats received the same volume of 0.5% (V/
V) sodium carboxymethyl cellulose. After six weeks of treatment,
all rats were sacrificed after the final measurement of behavior
and detection of motor nerve conduction velocity (MNCV). Rats
were anesthetized with 2% (V/V) isoflurane (0.41 mL/min at 4 L/
min in fresh gas flow), and whole blood samples were obtained
from the carotid artery. All rats were sacrificed by exsanguination
under deep anesthesia, and sciatic nerves were collected for
further experiments.

This study was approved by the Institutional Animal Care and
Use Committee of Peking UnionMedical College Hospital (Approval
No.: XHDW-2022-022), and the experiment were performed in
compliance with the Guidelines for the Care and Use of Laboratory
Animals issued by the Chinese Council on Animal Research.
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2.4. Neurological function tests

2.4.1. Mechanical threshold and thermal response latency
To evaluate the neurological function of the rats, the mechanical

pain threshold and thermal response latency were measured every
four weeks. The mechanical pain threshold was detected using a
Von Frey Pain Measurement Instrument (IITC Life Science Inc.,
Woodland Hills, CA, USA) as previously described [32]. The thermal
response latency was determined using a hot plate apparatus (UGO
Basile Inc., Varese, Italy) and tail-flick apparatus (UGO Basile Inc.)
following established procedures [33,34].

2.4.2. MNCV
After six weeks of treatment, MNCV was measured using a

portable electromyogram-evoked potential instrument (Poseidon
Inc., Suzhou, China), as previously described [32]. Briefly, latency (t)
was recorded by stimulating the proximal (sciatic notch) and distal
(ankle) sites along the sciatic nerve with needle electrodes. The
distance (d) between sites was determined. Finally, MNCV was
calculated as following: MNCV (m/s) ¼ d/t.

2.5. Sample collection

Blood samples were centrifugated at 3,000 r/min for 10min, and
then serum was isolated and stored at �80 �C for targeted
metabolomic analysis. The sciatic nerves on both sides were
separated from the rats. The left sciatic nerve was cut into two
pieces. One segment (3e4 mm) was fixed in 2.5% (V/V) glutaral-
dehyde at 4 �C preparing for transmission electronic microscope
examination. The other segment was stored at �80 �C for targeted
metabolomic analysis. The right sciatic nerve was separated into
two sections. One segment was fixed with 4% (V/V)
paraformaldehyde (PFA) for pathological examination. The other
samplewas stored at�80 �C forWestern blot. DRGwas isolated and
fixed with 4% (V/V) PFA for further study.

2.6. Targeted metabolomics analysis

Targeted metabolomic analyses were performed using human
sera (n ¼ 32 from patients with DPN and n ¼ 25 from healthy
controls), rat sera (n ¼ 5 per group), and rat sciatic nerve tissues
(n ¼ 5 per group) to generate comprehensive profiles of central
carbohydrate metabolism. Briefly, the metabolomic analysis was
performed using a Dionex ICS-6000 HPIC System (Thermo Scien-
tific Inc., San Jose, CA, USA) coupled to a QTRAPTM 6500 triple
quadrupole mass spectrometer (AB SCIEX Inc., Foster City, CA, USA).
A total of 56 analytes were detected by multiple reaction moni-
toring (MRM) in the negative mode of the electrospray ionization
source. Among these targeted metabolites, half of them were from
central carbohydrate metabolism pathways (Nos. 1e28 in Table S6),
eight were from other carbohydrate metabolism pathways (Nos.
29e36 in Table S6), 16 were intermediates of amino acid and car-
bohydrate metabolism (Nos. 37e52 in Table S6), and others were
mainly related to nucleotide metabolism (Nos. 53e56 in Table S6).
All the metabolites were quantified by calibration curves estab-
lished with standard solutions. Details for preparation of samples
and standard solutions, instrument parameters, method validation,
and metabolites quantification were given in Supplementary data
(Sections S2eS5).

2.7. Morphological assessments

Morphological changes in sciatic nerves were evaluated using
hematoxylin and eosin (H&E) staining, toluidine blue staining, and
transmission electron microscopy (TEM) examination.
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2.7.1. H&E staining
H&E staining was performed following standard protocols and

images were captured using a Zeiss Axioscan slide scanner (Zeiss
Inc., Oberkochen, Germany).

2.7.2. Toluidine blue staining
As previously described, abnormally myelinated axons are char-

acterized by demyelination, axonal atrophy, disordered myelin
sheaths, and myelin vacuolization [35]. Abnormal myelinated axons
were manually counted and calculated as percentages (abnormal
axons/total axons).

2.7.3. TEM
The ultrastructures of the mitochondria and myelin sheaths were

observed and assessed using TEM (JEOL Inc., Tokyo, Japan). TEM was
performed as previously described [35]. Morphometric analyses of
the TEM images were performed using ImageJ software (version
1.46r; National Institute of Health, Bethesda, MD, USA). Morpho-
logical parameters included axon diameter, myelin diameter, and G-
ratio (axon diameter/myelin diameter), which can accurately and
objectively assess myelin and axon injuries.

2.8. Immunofluorescence

Immunofluorescence staining of myelin and axon proteins was
performed on DRG as described previously [30]. Briefly, the slices
were incubated overnight with the myelin basic protein (MBP;
1:100, V/V) and neurofilament heavy-chain (NF-H; 1:100, V/V) an-
tibodies. After washing, the slices were incubated with coralite
488-conjugated goat anti-mouse IgG (heavy and light chains)
(1:300, V/V), coralite 594-conjugated goat anti-rabbit IgG (heavy
and light chains) (1:300, V/V), and 4’,6-diamidino-2-phenylindole
(DAPI, 1:200, V/V). All images were taken by laser-scanning
confocal microscope (Nikon Inc., Tokyo, Japan).

2.9. Western blot

Western blot was performed following standard protocols. The
following antibodies were used: p-AMPK a1 (1:2000, V/V, rabbit),
AMPK-a1 (1:1000, V/V, rabbit), AMPK-b1 (1:5000, V/V, rabbit),
PGC-1a (1:5000, V/V, mouse), liver kinase B1 (LKB1; 1:1000, V/V,
rabbit), nuclear respiratory factor 1 (NRF1; 1:1000, V/V, rabbit),
mitochondrial transcription factor A (TFAM; 1:5000, V/V, rabbit),
sirtuin 1 (SIRT1; 1:2000, V/V, mouse), b-tubulin (1:20000, V/V,
mouse), and horseradish peroxidase (HRP)-conjugated secondary
antibody (1:10000, V/V, goat). Finally, the blots were visualized
using an enhanced chemiluminescence (ECL) kit and AI680 multi-
functional imaging analysis system (GE Health Care Inc., Pittsburg,
PA, USA).

2.10. Cell culture and treatment

Rat Schwann cell line (RSC96) was purchased from Cell Resource
Center (Institute of Basic Medical Sciences, Chinese Academy of
Medical Sciences, Beijing, China). After resuscitation, RSC96 cells were
maintained in 25 mM Dulbecco's modified Eagle's medium (DMEM)
supplementedwith10% (V/V) fetal bovine serum(FBS) at 37 �Cwith5%
(V/V) CO2. Based on preliminary experiments (Fig. S2), a glucose con-
centration of 100 mM was selected for high glucose stimulation. The
JMT lyophilized powder was dissolved in DMEM at an optimal con-
centration of 0.05 mg/mL, and the cells were co-treated with JMTand
high glucose for 72 h, based on its protective effect on the activity of
RSC96 cells exposed to high glucose in the preliminary experiment
(Figs. S2 and S3). A-769662 (an AMPK activator) and Compound C (CC,
an AMPK inhibitor) were dissolved in dimethyl sulfoxide (DMSO) at
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optimal concentrations (Fig. S2). RSC96 cells were randomly divided
into five groups: normal glucose (25 mM group; NG), high glucose
(100 mM glucose; HG), high glucose þ JMT (100 mM glucose and
0.05 mg/mL JMT; HG þ JMT), high glucose þ A-769662 (100 mM
glucose and10mMA-769662;HGþA769662), andhighglucoseþ JMT
(100 mM glucose, 0.05 mg/mL JMT, and 5 mM CC; HG þ JMT þ CC) to
explore the effect of JMT on AMPK pathway.
2.11. Cell viability assay and flow cytometry analysis

The viability of RSC96 cells was examined using a Cell Counting
Kit (CCK-8). Apoptosis was detected using an Annexin V-fluorescein
isothiocyanate (FITC)/propidium iodide (PI) co-staining kit ac-
cording to manufacturer's instructions. Briefly, the cells were
collected and resuspended in binding buffer at 500 cells/mL. Then
the cells were stained with 5 mL of Annexin V-FITC and PI in the
dark for 5 min. The flow cytometry gating strategy was illustrated
in Fig. S4. All samples were analyzed using a BD flow cytometer (BD
Biosciences Inc., San Diego, CA, USA) and FlowJo software (version
10; Ashland, OR, USA).
2.12. ATP content assay

The intracellular ATP concentration was detected by an ATP
assay kit. After treatment with the drugs for 72 h, RSC96 cells in 6-
well plates were collected using 40 mL of lysate. The samples were
then centrifuged at 12,000 g at 4 �C for 5 min. The supernatant and
ATP standards were respectively mixed with detection solution in
black 96-well plates. The luminescence was measured using
microplate reader with a luminometer module.
2.13. Mitochondrial membrane potential test and mitochondrial
ultra-structure observation

2.13.1. Mito-tracker chloromethyl-X-rosamine (CMXRos) staining
Mito-tracker CMXRos staining was performed to evaluate the

mitochondrial membrane potential of the RSC96 cells. Cells were
seeded at a density of 1.0�105 cells/well in 6-well plates, which
were plated a cell-climbing slice at the bottom. After treatment
for 72 h, cells were incubated with Mito-tracker Red CMXRos at
37 �C for 30 min, fixed with 4% (V/V) PFA, and permeabilized
with 0.1% (V/V) Triton X-100. The cells were then incubated with
Tubulin-tracker Green (1:50, V/V) at room temperature in the
dark for 1 h and DAPI (1:200, V/V) for 10 min. Finally, the
climbing slices were transferred to glass slides. Images were
captured using a laser-scanning confocal microscope (Nikon Inc.,
Tokyo, Japan).
2.13.2. TEM
Themitochondrial ultrastructure of RSC96 cells was observed by

TEM. A total of 3.5�105 RSC96 cells were planted and cultured in
T25 flasks. The cells were then treated for 72 h, digested with
trypsin, and centrifugated at 1,000 r/min for 5 min. After centri-
fugation, cells were fixed with 2.5% (V/V) glutaraldehyde. The
samples were then encapsulated in agarose and fixed with an
osmic acid solution. Following dehydration, the sample was
embedded in epoxy resin and cut into 70-nm slices. After staining
with uranyl acetate and lead citrate, the ultrastructure of the
mitochondria was examined using TEM. Abnormal mitochondria
are characterized by vacuolation, crista disruption, and decreased
matrix density. The mitochondrial density and percentage of
abnormal mitochondria (abnormal mitochondria/total mitochon-
dria) were then calculated [36].
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2.14. Mitochondrial respiration assay

To evaluate mitochondrial respiratory function, the oxygen
consumption rate (OCR) was measured using a Seahorse XF Cell
Mito stress test kit with an XFe 96 extracellular Fluz analyzer
(Agilent Technologies Inc., Santa Clara, CA, USA). RSC96 cells were
plated on an XF96 cell culture microplate and treated with the
drugs for 72 h. Before detection, the sensor cartridge was hydrated
in Seahorse XF Calibrant in a non-CO2 incubator at 37 �C overnight.
The assay medium was prepared using Seahorse XF DMEM sup-
plemented with 25 mM glucose, 4 mM glutamine, and 1 mM py-
ruvate. After being washed and incubated with assay medium, the
cells were stimulated by the following reagents: 1.5 mMOligomycin,
1.0 mM carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone
(FCCP), and 0.5 mM rotenone/antimycin A. OCR was recorded using
an XFe 96 extracellular flux analyzer. Subsequently, the cells were
labeled with Hoechst 33342 for 20 min. Cell counting was per-
formed using a BioTek Cytation 7 (BioTek Instruments Inc.,
Winooski, VT, USA). The OCR was normalized to the cell numbers.

2.15. Statistical analysis

All data are expressed as means ± standard deviation (SD). Sta-
tistical significance between two groups was assessed using un-
paired two-tailed Student's t-test, whereas multiple comparisons
were evaluated using ordinary one-way analysis of variance
(ANOVA). Differences were considered to be significant at P < 0.05.
Images and blots were quantified using ImageJ software. For
metabolomics data, principal component analysis (PCA), heatmap
and cluster gram analysis, and Spearman correlation were plotted
using https://www.bioinformatics.com.cn (last accessed on May 12,
2023). Pathway enrichment was conducted using MetaboAnalyst 5.0
(https://www.metaboanalyst.ca/home.xhtml). Other statistical ana-
lyses and plotting were carried out on the GraphPad Prism software
(version 9.3.1; Bethesda, MD, USA).

3. Results

3.1. Targeted metabolomics revealed the distinctive signatures of
central carbohydrate metabolism in patients with DPN and STZ-
induced DPN rats

To obtain a panoramic view of the metabolic features associ-
ated with central carbohydrate metabolism in the circulation and
the peripheral nervous system following DPN, a targeted metab-
olomic approach was developed using the HPIC-QTRAP-MS/MS
platform. A total of 56 metabolites were simultaneously deter-
mined within a 25-min run (Fig. 2A). Standard curves were
established with r2 � 0.995 for all analytes (Table S7). The re-
covery rates were in the range of 83.7%e115.2% with RSDs < 5.0%,
and the intra-day RSDs were less than 5.32%, indicating the ac-
curacy and precision were satisfactory for further analysis
(Table S7). The stability of these metabolites was acceptable with
RSDs� 12.2% within two days at 4 �C (Table S7). The matrix effects
of human serum, rat serum, and rat sciatic nerve tissue were
81.7% ± 3.6%, 87.9% ± 4.0%, and 88.6% ± 2.5%, respectively, which
were evaluated by the internal standard, hippuric acid-D5. The
established method was then applied to analyze human serum
(Fig. 2B), rat serum (Fig. 2C), and rat peripheral nerve tissues
(Fig. 2D) from different groups.

In human serum samples, 41 targeted metabolites were suc-
cessfully quantified (Table S8). Unsupervised PCAwas conducted to
elucidate the metabolic profiles of patients with DPN and healthy
subjects, which were readily differentiated (Fig. 2E). The variations
in all metabolites are shown in Fig. 2F. In total, 25 metabolites

https://www.bioinformatics.com.cn
https://www.metaboanalyst.ca/home.xhtml
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Fig. 3. Heatmaps of metabolites significantly changed in diabetic peripheral neuropathy (DPN). (A) Serum of patients with DPN. (B) Serum and sciatic nerves of rat. (C) Bubble plots
of pathway enrichment in human and rats with DPN. Asterisks in B indicate the metabolites significantly changed in both serum and sciatic nerves of rats. * Represents metabolites
that significantly changed in both serum and sciatic nerve. *P < 0.05 and *P < 0.01. MDNS: Michigan Diabetic Neuropathy Score; TCNS: modified Toronto Clinical Neuropathy Score;
AMP: adenosine monophosphate; CON: control; TCA: tricarboxylic acid.
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showed significant changes (18 increased and 7 decreased) in pa-
tients with DPN when compared to the controls (P < 0.05), the
contents of which were visualized using a heat map (Fig. 3A).
Among them, glucose 6-phosphate, cyclic 3',5'-AMP, mannose 6-
phosphate, isocitric acid, and glyceric acid were the five most sig-
nificant metabolites with P < 1�10�6.

For the rat samples, 52 and 50 metabolites were detected in the
serum and sciatic nerve tissues, respectively (Table S8). PCA score
plots revealed distinct clusters of central carbohydrate metabolism
in DPN rats and controls, especially in the serum samples (Fig. 2E).
Notably, these energy substrates showed not exactly the same
variation tendencies in circulation and the peripheral nervous
system (Fig. 2F). The contents of 19 and 13 metabolites were
Fig. 2. Characterization of the aberrant central carbohydrate metabolism in patients with d
using high-performance ion chromatography-tandem mass spectrometry (HPIC-MS/MS). (A
imens: the mixed standard references (A), human serum (B), rat serum (C), and rat sciatic ner
all targeted metabolites in different specimens. CON: control; JMT: JinMaiTong; AMP: aden
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significantly different between the groups in the serum and sciatic
nerves, respectively (P < 0.05; Fig. 3B). Among these, six metabo-
lites were remarkably elevated (2-ketobutyric acid, hippuric acid,
and 4-hydroxyphenylpyruvic acid) or reduced (picolinic acid,
homogentisic acid, and quinolinic acid) in both serum and sciatic
nerves of the DPN rats.

Kyoto encyclopedia of genes and genomes (KEGG) pathway
analysis revealed a striking enrichment of the TCA cycle in the
serum of patients with DPN, and the following top two pathways
included glycolysis/gluconeogenesis and the pentose phosphate
pathway (Fig. 3C). In addition, associations between the serum
levels of 25 differential metabolites and two clinical indicators that
reflect the severity of neurological symptoms and function, MDNS
iabetic peripheral neuropathy (DPN) and DPN rats via targeted metabolomics analysis
eD) Extracted ion chromatograms (EICs) of the mixed standard references and spec-
ve (D). (E) Score plots of principal component analysis. (F) Fold-changes and P values of
osine monophosphate.
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and TCNS, were evaluated in patients with DPN by Spearman cor-
relation. Nine metabolites were significantly correlated with MDNS
and/or TCNS (P < 0.05), including metabolites related to the TCA
cycle (a-ketoglutaric acid, 2-isopropylmalic acid, isocitric acid, and
cis-aconitic acid), glycolysis (glucose-6-phosphate), and the
pentose phosphate pathway (mevalonic acid; Figs. 3A, S5, and S6).
In DPN rats (combining the differential metabolites in both the
circulatory and peripheral nervous systems), glycolysis was the
most enriched pathway, and the TCA cycle also appeared in the top
five enriched pathways (Fig. 3C). Together, our data revealed the
clinical relevance of DPN phenotypes and disturbed energy meta-
bolism and demonstrated the holistic energy-metabolic landscapes
that are apparently disturbed in patients with DPN and rodent
models, thus providing a new perspective for the pharmacological
study of TCM in the treatment of DPN.

3.2. JMT improved peripheral neurological functions in DPN rats

Next, we investigated the peripheral neuroprotective effect of
JMT and explored the pharmacological mechanism of JMT in the
regulation of energy homeostasis. The dose of JMT in this study was
equivalent to two-fold the clinical dose, which is in accordance
with the optimal dose used in our previous study using DPN rats
[27]. After STZ injection, rats showed persistent and significant
increase in blood glucose levels compared to healthy controls
during the experiment (Figs. 4A and S7A). The body weights of STZ-
induced rats remarkably decreased since the 2nd week (Figs. 4B
and S7B). As shown in Fig. 1, after eight weeks of hyperglycemia,
STZ-induced diabetic rats exhibited significant and continuous
behavioral changes, including decreasedmechanical pain threshold
(measured using the Von Frey test; Fig. 4C) and increased thermal
response latency (measured using the hot plate and tail flick test;
Figs. 4D and E), suggesting the presence of the DPN phenotype.
Demyelination and axonal damage were also fully developed in the
8th week according to our previous reports using the same model
[37]. DPN rats were then administered JMT and the positive control
drug LA for six weeks. At the end of the experiment, neither JMT
nor LA treatment had a significant effect on blood glucose levels or
body weight (Figs. 4A, 4B, and S7). Treatment with JMT and LA both
significantly improved the mechanical pain threshold and thermal
response latency in rats with DPN (Figs. 4CeE). Moreover, MNCV of
untreated DPN rats were lower than that of healthy control rats at
14 weeks post STZ injection (24.80 ± 5.18 vs. 56.92 ± 3.64 m/s,
P < 0.0001), which was restored by the JMT and LA treatments
(Fig. 4F). These results suggest that JMT significantly improves the
peripheral neurological functions in DPN rats.

3.3. JMT mitigated morphological changes in the sciatic nerves of
DPN rats

Under light microscopy, both H&E (Fig. 4G) and toluidine blue-
stained (Fig. 4H) sections showed a clear structure of sciatic
nerves with an orderly arrangement of nerve fibers and normal
morphology of the myelin sheath and axons in the control group.
Sciatic nerves of DPN rats showed obvious demyelination with
Fig. 4. JinMaiTong (JMT) improved peripheral neurological function and mitigated morphol
Blood glucose level (A) and weight (B) were monitored during the experiment. (C) Mechan
response latency was measured using the hot plate (D) and tail flick (E) tests every four w
treatment with JMT. (G, H) Hematoxylin and eosin (H&E) (G) and toluidine blue (H) staining
fibers and demyelination with severe vacuolation and axonal atrophy (red arrow). (I) The ult
DPN group showed myelin lamellar separation, vacuolar degeneration, and shrunken axon
(J�M) Morphometric parameters, including abnormal axons with disintegrated myelin (J), G
(M), were calculated. (N�P) The representative images (N) of immunofluorescent staining an
(NF-H) (P) were evaluated. Data are expressed as means ± standard deviation (SD). *P < 0.05
DAPI: 40 ,6-diamidino-2-phenylindole.
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axonal shrinkage. Under a transmission electron microscope, the
ultrastructure of the myelin lamella of the myelinated fibers of the
sciatic nerves was clear in the control group and blurred in the DPN
group (Fig. 4I). DPN model rats exhibited marked vacuolar-like de-
fects, separation of lamellae in the myelin sheath, and axonal atro-
phy, which were improved by JMT. Based onmorphometric analysis,
the percentage of abnormal axons significantly increased in the DPN
group (Fig. 4J), which was markedly decreased by JMT and LA
treatment. In addition, untreated DPN rats exhibited a significant
reduction in the G-ratio, myelin diameter, and axon diameter when
compared with healthy control rats (Figs. 4KeM). JMT significantly
improved these morphological changes in the sciatic nerves, sug-
gesting that JMT treatment protected sciatic nerves from diabetic
neuropathy-related morphological damage.

3.4. JMT reversed the decrease in myelin and axon protein
expression of DPN rats

The myelin sheath in the peripheral nervous system surrounds
the axons, and DPN is characterized by demyelination and axonal
atrophy [38]. MBP is an important component of the myelin mem-
brane structure [39] and is critical for myelination of nerve fibers
[40]. NF-H is an axonal marker associated with axonal atrophy [41].
Therefore, we further examined the expression of MBP and NF-H by
immunofluorescence in DRG. MBP was predominantly distributed
in myelin sheath and NF-H was highly expressed in the bodies and
axons of the neurons (Fig. 4N). The expression of bothMBPandNF-H
was reduced in DPN model rats, indicating demyelination and
regeneration disorders (Figs. 4O and P). Notably, both of themwere
increased by JMT and LA treatments, and the efficacy of JMT was
superior to that of LA. These results suggest that JMT promotes the
repair and regeneration of myelin and axons in DPN rats.

3.5. Neuroprotective effect of JMT was related to restoring central
carbohydrate metabolism of DPN rats

Considering the aberrant metabolic signatures in DPN and the
significant efficacy of JMT, the established metabolomics approach
in Section 3.1 was further employed to investigate whether JMT
could ameliorate DPN by restoring central carbohydrate homeo-
stasis. As shown in Fig. 2E, the PCA score plots displayed complete
separation of rat serum and partial separation of rat sciatic nerves
between the DPN and DPN þ JMT groups, indicating altered
metabolic profiles arising from JMT.

As for the serum samples, nine metabolites were significantly
increased and three were decreased in the DPN þ JMT group when
compared with the DPNmodel group (P < 0.05), while the TCA cycle
and pentose phosphate pathway were mainly involved (Figs. 5 and
S8). Specifically, JMT robustly elevated the serum concentrations of
citric acid in the TCA cycle aswell as gluconic acid and glyceric acid in
the pentose phosphate pathway. Moreover, JMT greatly augmented
the serum levels of ATP and guanosine triphosphate (GTP), two
important energy donors that maintain cellular function. Mean-
while, JMT greatly restricted the abnormal accumulation of a-keto-
glutaric acid and succinic acid in TCA cycle.
ogical changes of peripheral nerve in diabetic peripheral neuropathy (DPN) rats. (A, B)
ical threshold was detected using the Von Frey test every four weeks. (D, E) Thermal
eeks. (F) Motor nerve conduction velocity (MNCV) was evaluated after six weeks of
revealed that the sciatic nerves of DPN rats exhibited disordered arrangement of nerve
ra-structure of sciatic nerve was observed via transmission electron microscopy (TEM).
. Treatment with JMT and a-lipoic acid (LA) mitigated the morphological alterations.
-ratio (axon diameters/myelin diameters) (K), myelin diameters (L), and axon diameters
d the proteins levels of myelin basic protein (MBP) (O) and neurofilament heavy-chain
, **P < 0.01, ***P < 0.001, and ****P < 0.0001. ns: no significant difference. CON: control;



Fig. 5. JinMaiTong (JMT) treatment restored the perturbed central carbohydrate metabolism in the circulation and sciatic nerve of diabetic peripheral neuropathy (DPN) rats. Dash
line arrows indicate the direct metabolic reactions, and solid line arrows indicate the indirect reactions. *P < 0.05 and **P < 0.01. ns: no significant difference. CON: control; TCA:
tricarboxylic acid cycle; ADP: adenosine diphosphate: ATP: adenosine triphosphate; GDP: guanosine diphosphate; GTP: guanosine triphosphate.
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In the sciatic nerve tissues, seven metabolites showed signifi-
cant differences in content between the DPN and DPN þ JMT
groups, three of which were intermediates of the glycolytic
pathway (Figs. 5 and S8). In particular, the significant increase in
levels of glucose 1-phosphate, as well as the decrease in levels of
3-phosphoglyceric acid and L-lactic acid, indicated that the
saturated glycolytic pathway caused by high glucose levels was
relieved by JMT treatment. In addition, the abnormal accumula-
tion of 2-hydroxyglutaric acid and 2-ketobutyric acid (two
precursors of metabolites in the TCA cycle), as well as ADP and
guanosine diphosphate (GDP) in DPN conditions, was remarkably
decreased by JMT treatment, implying possible resurgence of the
TCA cycle in the mitochondria.

Furthermore, Spearman correlation analyses indicated that 10
JMT called-back metabolites (five from the sciatic nerve and five
234
from circulation) presentedmoderate to strong correlations (0.55�
|r| � 0.82, P < 0.05) with DPN phenotypes (MNCV, mechanical
threshold, and/or thermal response latency), including intermedi-
ate and end product of glycolysis (Fig. S9), and intermediates of the
TCA cycle (Fig. S10). Collectively, these findings indicate that after
6-weeks treatment with JMT, the disorders of central carbohydrate
metabolismwere corrected to a great extent in both the circulation
and peripheral nervous system of DPN rats, which could contribute
to the therapeutic effect of JMT. These results support our hy-
pothesis that JMT can improve DPN by restoring perturbed bio-
energetics through metabolic crosstalk. Thus, we next sought to
disclose the intracellular signaling pathway that JMT mainly acted
on to regulate key energy metabolism in peripheral nerves, with
the goal of augmenting our understanding of the pharmacological
mechanism of JMT in DPN.



Fig. 6. JinMaiTong (JMT) activated the adenosine monophosphate (AMP)-activated protein kinase (AMPK) signaling pathway and mitigated ultrastructural damages of mitochondria
in sciatic nerves (SNs) of diabetic peripheral neuropathy (DPN) rats. (A�I) Western blot analyses of proteins in AMPK signaling pathway (A) including p-AMPK-a1 (B), AMPK-a1 (C),
AMPK-b1 (D), liver kinase B1 (LKB1) (E), peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC-1a) (F), nuclear respiratory factor (NRF1) (G), mitochondrial
transcription factor A (TFAM) (H), and sirtuin 1 (SIRT1) (I) in sciatic nerves from rats in each group. (J, K) Mitochondria in sciatic nerves of DPN rats exhibited mitochondrial
vacuolation, swelling, fragmentation, cristate loss, and decreased matrix density under transmission electron microscopy (TEM), which were attenuated by JMT and a-lipoic acid
(LA): mitochondria in axon of sciatic nerve (J) and mitochondria in Schwann cell of sciatic nerve (K). Data are expressed as means ± standard deviation (SD). *P < 0.05, **P < 0.01, and
***P < 0.001. ns: no significant difference. CON: control.
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3.6. JMT activated the AMPK/PGC-1a signaling pathway in vivo

AMPK is the primary conductor in maintenance of energy ho-
meostasis in the peripheral nervous system [6]. Therefore, we
235
speculated that the regulation of energy metabolism by JMT could
be mediated by AMPK. We further examined the effect of JMT on
AMPK and its influence on upstream and downstream proteins in
the sciatic nerves using Western blot. As shown in Figs. 6A and B,
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DPN rats exhibited a significant decrease in phosphorylated AMPK-
a1 (p-AMPK-a1) expression compared to non-diabetic controls,
while there were no significant differences in AMPK-a1 and AMPK-
b1 levels between the control and DPN groups (Figs. 6A, C, and D).
These results suggested that chronic hyperglycemia interfered the
phosphorylation of AMPK-a1 and JMT promoted AMPK phosphor-
ylation in the sciatic nerves of DPN rats (Figs. 6A and B). Further-
more, JMT stimulated the expression of LKB1, an upstream activator
of AMPK, which was reduced in the DPN group (Figs. 6A and E).

Then, we analyzed the protein level of PGC-1a, which was the
downstream of AMPK and the key transcription coactivator
responsible for mitochondrial biogenesis. The protein level of PGC-
1a was significantly reduced in the DPN group compared to con-
trols (Figs. 6A and F), which was markedly elevated by JMT
administration. Additionally, we analyzed the expressions of TFAM
and NRF1, the down-stream targets of PGC-1a, which played
important roles in mitochondrial structure and function [42]. Both
NRF1 and TFAM levels were significantly reduced in the DPN group
(Figs. 6A, G, and H). JMT significantly upregulated the expression of
TFAM but had no significant effect on NRF1. SIRT1 has been
reported to increase PGC-1a expression, thus regulating mito-
chondrial function. Therefore, we examined the expression of
SIRT1, and no significant difference was observed between the DPN
and healthy control rats (Figs. 6A and I). Taken together, JMT
treatment activated LKB1-AMPK-PGC-1a and the downstream
TFAM in DPN rats, which could affect the mitochondrial structure
and function.

3.7. JMT mitigated mitochondrial morphological damage in vivo

We further investigated the effects of JMT on the morphology
and structure of mitochondria. As shown in Figs. 6J and K, the ul-
trastructure of the mitochondria in sciatic nerves was observed by
TEM. In the control group, the mitochondria exhibited normal
morphology with double membrane contours and clear cristae.
Mitochondria in the axons and Schwann cells in the DPN model
group showed a blurred membrane structure and cristae, swelling,
membrane destruction, and vacuolar-like defects, indicating
mitochondrial degeneration. These morphological changes were
reversed in JMT-treated group (Figs. 6J and K).

3.8. JMT promoted the proliferation and suppressed the apoptosis of
RSC96 cells exposed to high-glucose via AMPK

Schwann cells support and protect neurons, nourish axons, and
promote cell survival and growth after nerve injury. Schwann cell
dysfunction is widely recognized in the pathogenesis of DPN
[41,43]. To investigate whether the neuroprotective effect of JMT
was mediated by AMPK, we used an AMPK inhibitor. The Annexin
V-FITC/PI co-staining kit was used to test the apoptosis, and the
CCK-8 assay was used to assess cell proliferation of RSC96 cells
exposed to high-glucose (Figs. 7AeC). As shown in Fig. 7C, high
glucose significantly inhibited the proliferation of RSC96 cells,
which was reversed by JMT treatment. In addition, the efficacy of
JMT was comparable to that of the AMPK activator A769662.
Notably, the effect of JMT on RSC96 cells was inhibited by co-
culture with the AMPK inhibitor CC. Flow cytometry analysis
demonstrated that high glucose exposure resulted in a substantial
Fig. 7. JinMaiTong (JMT) relieved high-glucose induced injury of rat Schwann cell line (RSC
determined. (E�G) The abnormal mitochondrial percentage (E), mitochondrial density (F), an
of mitochondria in RSC96 cells under transmission electron microscopy (TEM). (I) The re
rosamine (CMXRos) immunofluorescent staining. Data are expressed as means ± standard
difference. PI: propidium iodide; FITC: fluorescein isothiocyanate; NG: normal glucose; HG:
kinase (AMPK) inhibitor); DAPI: 40 ,6-diamidino-2-phenylindole.
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increase in the apoptotic population (Figs. 7A and B), which was
accompanied by a decrease in the number of RSC96 cells (Fig. 7D).
Treatment with JMT decreased apoptosis and increased the
number of RSC96 cells, indicating that JMT protected RSC96 cells
against high glucose. Moreover, co-treatment with JMT and CC
showed no significant effect on the apoptosis and cell count of
RSC96 cells at high glucose concentrations, indicating that the
effects of JMT were associated with the activation of AMPK.

3.9. JMT attenuated the morphological changes and respiratory
dysfunction of mitochondria in RSC96 cells exposed to high-glucose
via AMPK

We further investigated the effect of JMT on mitochondrial ul-
trastructure and mitochondrial membrane potential in RSC96 cells
exposed to high glucose (Figs. 7EeI). In NG group, the mitochondria
had a regular size, distinct cristae, and an intact double membrane,
whereas the mitochondria of RSC96 cells in HG group exhibited
enlargement, swelling, vacuolar degeneration, and crista rupture
(Fig. 7H). In particular, JMT treatment significantly mitigated these
abnormal ultrastructural alterations in RSC96 cells exposed to high-
glucose, which were eliminated by co-treatment with an AMPK
inhibitor. Subsequent morphometric analyses revealed that the HG
group displayed a marked increase in the percentage of abnormal
mitochondria and reduction in mitochondrial density. JMT treat-
ment significantly reduced the percentage of abnormal mitochon-
dria and increased mitochondrial density, which was equal to that
of the AMPK activator. Notably, these effects were inhibited by co-
treatment with the AMPK inhibitor, CC (Figs. 7E and F). In addition,
high-glucose exposure caused a decrease in the mitochondrial
membrane potential in RSC96 cells compared to that in the NG
group. JMT significantly increased the mitochondrial membrane
potential of RSC96 cells cultured in high-glucose, but this effect was
inhibited by co-treatment with CC (Figs. 7G and I).

The mitochondrial OCR is the most important parameter for
testing mitochondrial respiratory function and activity and was
further measured using an extracellular Fluz analyzer to evaluate
the effect of JMT on mitochondrial function in live RSC96 cells
exposed to high glucose. Compared with the NG group, the HG
group showed lower basal respiration OCR, maximal respiration
OCR, and spare respiratory capacity, indicating bioenergetic alter-
ations in RSC 96 cells exposed to high glucose (Figs. 8AeE). Among
these parameters, JMT treatment significantly restored the
maximal respiration OCR and spare-respiratory capacity, suggest-
ing that JMT enhanced the reserve ability of respiratory function
under energy stress induced by high glucose. Moreover, the effect
of JMT on maximal respiration was markedly attenuated by the
AMPK inhibitor CC. Simultaneously, ATP production in RSC96 cells
was significantly suppressed by high glucose and significantly
upregulated by JMT treatment. However, co-treatment with JMT
and CC had no effect on ATP production (Fig. 8F).

3.10. Inhibition of AMPK abolished the activated effect of JMT on
downstream PGC-1a in RSC96 cells exposed to high-glucose

The expression of AMPK/PGC-1 a signaling proteins was eval-
uated in RSC96 cells cultured under high-glucose conditions
(Figs. 8GeO). Exposure of high glucose significantly suppressed the
96). (A�D) Apoptosis (A, B), cell viability (C), and the number of RSC96 cells (D) were
d mitochondrial membrane potential (G) was evaluated. (H) The representative images
presentative images of mitochondria in RSC96 cells by Mito-tracker chloromethyl-X-
deviation (SD). *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. ns: no significant
high glucose; CC: Compound C (an adenosine monophosphate (AMP)-activated protein



Fig. 8. Mitochondrial respiratory function and expression of adenosine monophosphate (AMP)-activated protein kinase (AMPK)/proliferator-activated receptor gamma coactivator
1-alpha (PGC-1a) signaling-related proteins in rat Schwann cell line (RSC96). (A) Mitochondrial respiratory function was determined using the Seahorse XF Cell Mito stress test kit.
(B) Oxygen consumption rate (OCR) was normalized by cell counts. (C�F) Basal respiration OCR (C), maximal respiration OCR (D), spare respiratory capacity (E), and adenosine
triphosphate (ATP) (F) of RSC96 cells were measured. (G�O) Western blot analyses of proteins in AMPK signaling pathway (G) including p-AMPK-a1 (H), AMPK-a1 (I), AMPK-b1 (J),
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expression of p-AMPK-a1 and AMPK-a1, suggesting an obstruction
of phosphorylation of AMPK. JMT treatment remarkably increased
the expression of both p-AMPK-a1 and AMPK-a1, given that JMT
acted as an agonist of AMPK. Positive effects of JMT on LKB1, PGC-
1a, NRF1, and SIRT1 were also observed in vitro. Furthermore, the
levels of relevant signaling molecules were determined after AMPK
inhibition. It is worth noting that the elevation of PGC-1a, the
downstream of AMPK, induced by JMT treatment was abolished by
inhibiting AMPK. These data not only confirmed the in-vivo results
that JMT could activate AMPK under diabetic conditions, but also
further revealed that these effects could act on Schwann cells and
mainly contribute to the AMPK/PCG-1a axis.

4. Discussion

DPN is a serious complication of diabetes that leads to a decline
in quality of life and an increase in mortality. Abnormal energy
metabolism has been implicated in the pathogenesis of DPN [3].
However, the introduction of metabolomics-targeted central car-
bohydrate metabolism has been lacking to further illustrate the
energy status as well as metabolic crosstalk in DPN. In this setting,
we developed a HPIC-MS/MS method to obtain the most compre-
hensive description of central carbohydrate metabolism by simul-
taneously targeting 56 metabolites. For determination of these
highly polar substances, HPIC solves the shortcomings of poor
reservation in reversed phase HPLC and simplifies the experimental
process without derivatization. With its unique selectivity, some
studies have successfully coupled HPIC with MS for qualitative and
quantitative detection of metabolites such as carbohydrates, sugar
phosphates, organic acids, and nucleotides in biological samples
[44,45]. Additionally, the HPIC-MS method also displayed high
sensitivity with detection limit as low as 0.07 nmol/L at a signal-to-
noise ratio of 3 in this study. Overall, we further demonstrated the
superior resolution and sensitivity of HPIC for the challenging
analysis of polar compounds in complex biological matrices.

Using this UPIC-MS/MS approach, metabolic perturbations in
serum of patients were panoramically mapped for the first time.
Moreover, correlations between metabolic dysfunction and clinical
neuropathic symptoms were successfully established in our study,
further implying the involvement of energy dysfunction in DPN
progression. In addition, a previous study revealed that, in an
experimental diabetic neuropathy rat model, metabolic dysfunc-
tion was restricted to the sciatic nerve rather than the DRG or tri-
geminal ganglia [12]. Therefore, sciatic nerve tissue and serum
samples from an STZ-induced DPN rat model and controls were
analyzed using the same approach. As a result, the disturbances in
central carbohydrate metabolism in the sciatic nerve were of some
similarities to those in circulation. Six metabolites were abnormally
expressed in both the serum and sciatic nerves of the DPN rats
(Fig. 3B, metabolites with asterisk). Although the metabolic profiles
were not identical among species, the centerpiece of energetic
dysfunction was the TCA cycle and glycolysis in the serum of both
humans and rats with DPN (Fig. S11). Several studies have also
revealed that glycolysis and the TCA cycle are two metabolic
pathways that are severely affected by hyperglycemia and further
contribute to the onset and development of DPN [11,12].

Our data also indicated that the energy substrates did not show
the same variation tendencies in the circulation and sciatic nerves
of DPN rats, as the primary altered pathway was the TCA cycle in
the circulation, whereas excessive glycolysis was mainly displayed
liver kinase B1 (LKB1) (K), PGC-1a (L), nuclear respiratory factor 1 (NRF1) (M), mitochondr
expressed as means ± standard deviation (SD). *P < 0.05, **P < 0.01, ***P < 0.001, and ****P
phenylhydrazone; NG: normal glucose; HG: high glucose; JMT: JinMaiTong; CC: Compound
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in the sciatic nerve. The metabolic differences in serum and sciatic
nerve of DPN rats revealed the specific susceptibilities of peripheral
nerve to holistic metabolic disorders. Nevertheless, among the 19
and 13 differential expressed metabolites, there were six ones
(noted with asterisk in Fig. 3B) showed the same variation ten-
dences in serum and nerve tissue. Taken together, these findings
suggest a complicated interaction between systemic and nerve-
specific metabolic processes. The importance of energy-metabolic
disorders and tissue-specific metabolism in the pathogenesis of
DPN still warrant further exploration. Our unprecedented metab-
olomics study offers a reliable and substantial resource to recognize
the aberrant details of energy homeostasis in DPN in a systematic
view, thereby offering an important basis for further development
of therapeutic strategies for DPN.

JMT is a TCM formula prescribed by Peking Union Medical
College Hospital. It has been used clinically for decades and has
demonstrated reliable efficacy [26]. Our previous studies revealed
that JMT displayed a satisfactory neuroprotective effect following
prophylactic administration (starting from the onset of diabetes)
[27,30,37]. The current study is the first to demonstrate that the
therapeutic administration of JMT (starting at the 9th week after
diabetes, when the DPN model was fully developed [37]) also
significantly improved peripheral neurological functions and alle-
viated neuropathological damage, including demyelination and
axon degeneration, in the sciatic nerves of DPN rats. Furthermore,
we found that JMT remarkably increased the protein expression of
MBP and NF-H and that the main proteins formed myelin and
axons, indicating that JMT promoted neural repair and regenera-
tion. Our results indicate that JMT has a better effect than LA on the
repair of myelin and axons.

To identify the metabolites underlying the relieved DPN
phenotype induced by JMT, sciatic nerve tissue and serum sam-
ples of rats from different groups were profiled using the targeted
metabolomics platform established above. JMT regulated multi-
ple aberrations in energy metabolism. Pathway analysis identi-
fied glycolysis as the most altered pathway in DPN rats compared
to normal controls (Fig. 3C). Meanwhile, the dominant role of JMT
in the sciatic nerve was the suppression of excessive glycolysis,
marked by a significant reduction in 3-phosphoglyceric acid and
L-lactic acid. In Particular, the levels of these two metabolites
showed the most significant correlation with DPN phenotypes
(Fig. S9). Although glycolysis within a certain range supports the
injured axons, excessive glycolysis leads axons to degenerate
[43,46]. Abnormal accumulation of L-lactic acid, the end product
of glycolysis, causes lactate acidosis associated with neurological
manifestations [47]. Coincidentally, it has been supposed that the
manipulation of glycolytic activity in Schwann cells may consti-
tute a promising therapeutic strategy for relieving DPN [43].
Moreover, elevated lactic acid level is considered as an indicator
of mitochondrial dysfunction [48]. In this study, elevated levels of
TCA-derived organic acids that suggested the blocking of TCA
cycle, such as a-ketoglutaric acid and succinic acid, were
observed mainly in the serum of DPN rats and were substantially
reduced after JMT treatment. Another finding of the present
study was the increased levels of ATP induced by JMT, both in vivo
and in vitro. Prolonged failure of ATP generation ultimately leads
to axonal degeneration and disorders in myelin regeneration,
while elevation of ATP concentration confers neuroprotection
[3,6]. Collectively, our results demonstrate that JMT might alle-
viate DPN via the integrative regulation of energy homeostasis,
ial transcription factor A (TFAM) (N), and sirtuin 1 (SIRT1) (O) in RSC96 cells. Data are
< 0.0001. ns: no significant difference. FCCP: carbonyl cyanide-4-(trifluoromethoxy)
C (an AMPK inhibitor).
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thereby inviting a more comprehensive perspective on the
approach to antagonize DPN.

AMPK serves as a cellular energy sensor and master controller
that maintains energy homeostasis. Impaired AMPK signaling
contributes to metabolic alterations andmitochondrial dysfunction
in peripheral nerve neurons, leading to the onset and development
of DPN [6,7]. AMPK activation was shown to rescue mitochondrial
deficits and further ameliorate autophagy impairment, oxidative
stress, and neuroinflammation in a DPN model [21]. Moreover,
LKB1 is a key upstream mediator of AMPK phosphorylation [49].
Abundant evidence indicates that decreased LKB1 and AMPK
expression induces demyelination and neuronal damage in DPN
[25,50]. LKB1 deletion in Schwann cells can perturb the
Fig. 9. The neuroprotective effect of JinMaiTong (JMT) on diabetic peripheral neuropathy (D
altered contents in rat serum. CON: control. SIRT1: sirtuin 1; LKB1: liver kinase B1; AMP
activated receptor gamma coactivator 1-alpha; TFAM: mitochondrial transcription fac
phosphoglyceric; a-KG: a-ketoglutaric acid; TCA: tricarboxylic acid cycle; ADP: adenosine d
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bioenergetics and metabolic support for axons, leading to axonal
degeneration [51]. The activation of LKB1 has been reported to
prevent peripheral nerve injury from diabetes-induced oxidative
stress by decreasing apoptosis and increasing autophagy [52].
Therefore, based on these studies and our data, it is reasonable to
believe that the neuroprotective effects of JMT may be attributed to
the activation of AMPK and LKB1.

PGC-1a, the downstream of AMPK, is the key transcription
coactivator responsible for mitochondrial respiration and biogen-
esis. It has been reported that knockdown of PGC-1a in diabetic
mice contributes to severe mitochondrial dysfunction and degen-
eration, resulting in the exacerbation of peripheral neuropathy [18].
Under diabetic conditions, the expression of PGC-1a, enzyme
PN) rats via modulating energy homeostasis. # Indicates metabolites with significantly
K: adenosine monophosphate (AMP)-activated protein kinase; PGC-1a: proliferator-
tor A; NRF1: nuclear respiratory factor 1; G1P: glucose 1-phosphate; 3-PG: 3-
iphosphate; ATP: adenosine triphosphate.
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activity of the mitochondrial respiratory chain, and bioenergetics
profiles are impaired in the sensory neurons of STZ-induced ro-
dents [7]. Upregulation of the AMPK/PGC-1a pathway can promote
neurite growth in diabetic rats, thus protecting neurons [7]. Our
study observed the suppression of PGC-1a induced by hypergly-
cemia in vivo and in vitro, which is supported by previous reports
[32]. JMT treatment remarkably elevated the expression level of
PGC-1a accompanied with improvement in mitochondrial degen-
eration, mitochondrial membrane potentials, and metabolic disor-
ders. In-vitro study further proved that JMT improved
mitochondrial respiratory function and facilitated ATP generation,
thus enhancing the adaptability of cells to high glucose toxicity.
Moreover, we found that the inhibition of AMPK abolished the
activating effect of JMT on PGC-1a, which further suggests that
AMPK/PGC-1a signaling pathway is a crucial mechanism for JMT
amelioration of DPN.

TFAM and NRF1 are downstream transcription factors of the
AMPK/PGC-1a axis, which can be activated by PGC-1a, and in turn
enhance mitochondrial respiration [53]. NRF1 and TFAM were
previously reported to be significantly downregulated in dorsal
root ganglion neurons under diabetic condition [18]. In our study,
both were significantly decreased in the sciatic nerves of DPN rats
and TFAM was repaired by JMT treatment. SIRT1 is a nicotinamide
adenine dinucleotide (NADþ)-dependent deacetylase that is upre-
gulated by AMPK activation via the elevation of NADþ [54]. SIRT1
also can catalyze PGC1-a deacetylation to promote cellular meta-
bolism and restore mitochondrial function in response to high-
glucose damage [55]. It was reported that upregulation of SIRT1
preserved mitochondrial function and attenuated diabetic neu-
ropathy [56]. Our results showed that JMT treatment enhanced
SIRT1 expression in HG-injured RSC96 cells. These results strongly
suggested that JMT stimulated the AMPK activation cascade, which
is a promising therapeutic strategy for DPN.

Schwann cells not only form myelin but also provide metabolic
and trophic support to neurons and axons. Disruption of the
mitochondria in Schwann cells can affect neuronal survival,
induce axonal degeneration, and cause peripheral nerve injury
[57]. Hyperglycemia has been shown to induce remodeling of the
mitochondrial proteome and decrease the efficiency of oxidative
phosphorylation in the Schwann cells of peripheral nerves [17].
Our study showed that RSC96 cells cultured with high glucose
exhibited obvious mitochondrial respiratory dysfunction and
structural damage, with decreased proliferative viability and
increased apoptosis. Adverse effects of high glucose on Schwann
cells were eliminated by JMT treatment. Moreover, the benefits of
JMT on mitochondrial metabolism, proliferation, and apoptosis of
Schwann cells under high-glucose conditions were eliminated by
an AMPK inhibitor in vitro. Therefore, the pharmacological effect
of JMT against DPN was attributed to AMPK activation. Taken
together, our findings showed that the disturbance of carbohy-
drate metabolism, mainly glycolysis and the TCA cycle, was widely
involved in patients with DPN as well as in STZ-induced DPN rats.
The TCM formula JMT ameliorated DPN independent of blood
glucose in vivo and in vitro. Mechanistically, the activation of
AMPK signaling was, at least in part, responsible for the regulation
of energy status and mitochondrial function, which further pro-
moted nerve repair, even after full-blown demyelination and
axonal damage. Fig. 9 shows a holistic view of JMT's role in DPN
rats.

Some components in JMT, such as the exact of Ligustrum vulgare,
Prunella vulgaris, and Cassia artemisiodes, have been reported to
improve diabetes-induced neuropathic pain in rodent models
[58e60]. Our previous study revealed the chemical composition of
JMT decoction using a UPLC-MS/MS method, indicating that the
dominant compounds in JMT mainly included flavonoids,
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triterpenoids, phenolic acid, and their glycosides [27]. Some fla-
vonoids identified from JMT, including quercetin, kaempferol,
luteolin, hesperidin, apigenin, and scutellarin, have been reported
to relieve peripheral neuropathy in vivo [32,61e64]. Ursolic acid, a
main triterpenoid also found in JMT, has been found to promote
myelin repair in central nervous system [63]. Notably, a few of
components in JMT, especially some flavonoids with neuro-
protective activities, have been found to play a key role in regu-
lating energy homeostasis. Our previous study has found that
quercetin improved mitochondrial dysfunction and activated
AMPK signaling in peripheral nerve under diabetic condition [32].
Also, it has been reported that kaempferol, salidroside, and
chlorogenic acid could maintain energy homeostasis by restoring
TCA cycle [65e67]. Aside from these known compounds, we believe
that the effect of JMT in regulating energy metabolism should be
the integrative role of multiple components, which needs more
exploration in further study.

One limitation of the current study is the absence of an in-depth
target validation of the JMT. Nevertheless, synergistic effect of mul-
ticomponents andmultitargets has been supposed as the core reason
for TCMs to exert their clinical efficacy [68,69]. As our metabolomic
analysis revealed from clinical to animal models, the perturbed
metabolic network of DPN involves multiple pathways. JMT dis-
played integrative regulation of central carbohydrate metabolism,
which could have advantages in the management of DPN. Our
research suggests that JMT can be an effective therapy and that
manipulation of energy homeostasis is a promising approach for the
treatment of DPN. Furthermore, the key bioactive compounds in this
formula are yet to be elucidated to accelerate the acceptance and
application of JMT.

5. Conclusions

In this study, an HPIC-MS/MS based metabolomics approach
targeted 56 endogenous metabolites surrounding central carbohy-
drate metabolism were successfully developed and applied in pa-
tients with DPN and STZ-induced DPN rats, which provided novel
insights into the molecular pathology of DPN. Our study further
proved the TCM formula JMT as an effective therapy for treatment of
DPN, which improved the neurological functions and attenuated the
pathological damages of peripheral nerve in the progress phase of
DPN rats. In-vivo and in-vitro studies demonstrated that the neuro-
protective capacities of JMT should be attributed to the improved
energy status with vital role of the activated AMPK signaling. Our
study suggests that integrated modulation of energy metabolism
using TCM can provide effective strategies for treatment of DPN.
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