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Nutrient-sensing mechanisms in painful diabetic peripheral neuropathy:
identification of hub miRNA-mRNA regulatory networks via multi-omics

sequencing of the dorsal root ganglia
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[ Abstract] Objective Painful diabetic peripheral neuropathy (PDPN) is a common and debilitating
complication of diabetes mellitus, with complex clinical manifestations and pathogenesis. From the
perspective of PDPN progression, how nutrient sensing alters gene transcription represents a scientifically
significant question worthy of investigation. However, the underlying molecular mechanisms, particularly the
association between post-transcriptional regulatory processes in the dorsal root ganglia (DRG) and PDPN,
remain poorly understood. Therefore, this study employed an integrated multi-omics approach to
comprehensively profile the miRNA and mRNA expression landscape and analyze their regulatory networks in
the DRG of a well-established rat model of PDPN. Methods Eighteen male SD rats (aged 4 to 5 weeks,
weighing 90 to 100 g) were randomly divided into a vehicle control group and a PDPN group. The rat model of
PDPN was established by an intraperitoneal injection of streptozotocin (STZ). The DRG tissues from L4 to L6
were harvested from both groups (n=3 per group) for high-throughput sequencing of miRNAs and mRNAs.
Bioinformatic analyses were performed to identify differentially expressed miRNAs (DEmiRs) and mRNAs
(DEGs), followed by GO and KEGG enrichment analyses. An integrated miRNA-mRNA regulatory network
was constructed. Preliminary validation was performed using RT-qPCR, with subsequent comparative analysis
with relevant human-derived data. Results A total of 11 significantly upregulated and 7 significantly
downregulated DEmiRs (llog2FCl >1, P<0. 05), along with 416 upregulated and 110 downregulated DEGs
(llog2FCl >1, P<0.05), were identified. KEGG pathway analysis revealed that DEGs were significantly
enriched in the pathways closely related to pain and diabetic metabolism (threshold P<0. 05), such as
neuroactive ligand-receptor interaction and lipid metabolism. Through construction of the miRNA-mRNA
regulatory network, the results indicated that Ms4a2, ligax, Wnt3, Tnn, and their upsiream miRNAs may serve
as core hubs regulating PDPN progression. Conclusion This study provides an initial systematic depiction
of the miRNA-mRNA interaction network in the DRG of a PDPN model, demonstrating that Ms4a2, ltgax,
Wnt3, Tnn, and their upstream miRNAs may modulate nutrient-sensing mechanisms involved in PDPN
progression. Multiple potential therapeutic targets for PDPN are identified, including let-7i-5p, miR-9a-5p,
miR-543-5p, miR-199a-5p, miR-324-5p, miR-702-3p, lkzf3, Klhl6, Igsf6, Tmc8, Tmcl, Lmxla, Cldnl6,
Vwe2, and Cyp2c¢23. Importantly, sphingolipid metabolism is regarded as a key pathway likely connecting
metabolic alterations to the development of PDPN. Our work preliminarily explores the nutrient-sensing
mechanisms underlying PDPN progression from a novel perspective.
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Table 1 RT-qPCR primer sequence

forward primer (5'-3")

reverse primer (5'-3")

species primer name

Rat Itgax GAGTCCATCTCCCTCCAGGT TAGGACCACAAGCCAACAGC
Rat Tme8 ACGATAAGGACGGGCCAAGG GATTCAGATCTTCGTGGGGCT
Rat Tkzf3 CGGCGACATGGAAGATATACAG CATTCAGAGCTTCCGGGCTT
Rat Klhl6 TCAGAATGGCTTGGAGACCCT GTTGCAGAACATGGCCCTGAAAT
Rat Igsf6 AGAAAAGTGGAAAAGGCGGC GCCCACCACACCAACTTGA
Rat Ms4a2 AGTGCTGTTTGTTTTGTCTGGATT GCTGCCTCTCACCAGATACA
Rat Tnn GAACAGGGCGTCACCTATCC GAAATCGGGCGTCCACTGTA
Rat Wnt3 TACCCAATTTGGTGGTCCCTG GTAATTGCGGCAGAAACGCA
Rat Cldnl6 ATGACTCTCTGGAGGTGAGCA CGAGTCACCACCAGCTTCAA
Rat Tmel AACAATGGTGGGGCAGGAAT TGCAGAACCTCACGAAGCAT
Rat Lmxla AACCAGCGAGCCAAGATGAA CTCAGCCTCTGGGTGTTCTG
Rat Vwe2 GAGCGCGCTGGTCGG CGGGAGTCGTTGTCCATGAG
Rat B-actin CTGTGTGGATTGGTGGCTCT AGCTCAGTAACAGTCCGCCT
Rat let-7i-5p TGAGGTAGTAGTTTGTGCTGTT TTTTTTTTTTTTTTTTTTTTT
Rat miR-9a-5p TCTTTGGTTATCTAGCTGTATGA TTTTTTTTTTTTTTTTTTTTT
Rat miR-543-5p AAGTTGCCCGCGTGTTTTTCG TTTTTTTTTTTTTTTTTTTTT
Rat miR-199a-5p CCCAGTGTTCAGACTACCTGTTC TTTTTTTTTTTTTTTTTTTTT
Rat miR-324-5p CGCATCCCCTAGGGCATTGGTGT ITTTTTTTTTTTTTTTTTTTT
Rat miR-702-3p TGCCCACCCTTTACCCCACTCCA TTTTTTTTTTTTTTTTTTTTT

Rat ue6

CTCGCTTCGGCAGCACA

AACGCTTCACGAATTTGCGT
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A: Body weight changes in rats following STZ injection; B: Changes in fasting blood glucose (FBG) in rats following STZ injection;

C: Changes in paw withdrawal mechanical threshold (PWMT) assessed by the von Frey test; D: Changes in paw withdrawal

thermal latency (PWTL) assessed by the hot plate test. a: P<0. 05, b: P<0.01, ¢: P<0.001, compared with the control group
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Figure 1 Changes in diabetes-related parameters and pain behaviors in rats following STZ injection (n=9, x+s)

2 HR

2.1 STZ# 5K R A& TN kom B B AY 2 9% %

FEE ST STZ 5, KRB BT B 8 A B R Rtk , 5
X B2 A O AR B 3 T R (R LA, 25 B IUBEA 5 8 JR
Wiz Wb, H 2 Rr2 @ RS (B 1B) . [\, 78
STZ FES IS 4 F i, KB I T RS i RImAE AT
R, RIS LA AE 2 R BE (PWMT) R (A 1C),
s R B (PWTL) 46 % (|8 1D) , 3iF 5% PDPN 454 74
Fa ST
2.2 PDPN XA DRGAR KA BAEEART

HOT A 40 A8 2 & 2 PDPN I & 9E A K B 14-L6
DRG 44 4T miRNA F1 mRNA i &0 5. e
FEA [T S I0 F 52 1, 25 i) 1 P AL AR T R G 1 A
E(E2A B) 455 Bon, i Y- R A =
R HAREW R, 2T RS A=
75 16 2% 55 35 1 miRNAs (DEmiRs) Fl mRNAs(DEGs) .
) 22 SRR AT, FLAE T R 2 B A 4 5 ) R
2H 1Y PR AR OR8] i B AT AT AR (1B 2C
D). Llllog,FCI>1 H P-value<0. 05 Jy 5 i , 1 % 5
DEmiRs 18 4, H " 11 4> miRNA F£ ik L, 7 4
miRNA %3k F i ; DEGs 526 1>, Horp 416 N L [H & 5k

VAL IO BRI R A TR M . X L ] R BEAE S Ab 3
AR5 AT A DG 1) A 23 i v R OGS E T o
2.3 DEGs #h#t'E & T4b 227 ik ARl A8 X 18 5%

Xt DEGs #E47 GO Jifig 73 Hr % B (] 3A~C) , 124
W1 B (biological process, BP) Jy i, F B & EMELZE
JERERR 2004k, i & 7, A48 R AR 3l %, MAPK
UK B PR A H Tegax i 2 55 X6 88 11 B0 1) G AR
(I IE R, Tmel 585 8 F ISR E AL, W3 2 5
M ICs L, Cldnl6 22 585 85 T4 1 IE I . 7E40
fitL 28 43 (cell component, CC) J5 18I, =22 & 7E JEXTFR
B AR AT VRS M, B ¥ RIS R Z AR G, il
SR Z G BG5S Z A ARk 75507
I113€ (molecular function , MF) J5 T, =5 & SR 7E IR 24K
T PR F S I T8 AN 2 3 T P PR P S
TP A S A TS D5 T, P Tme 1 382 5
HRE T T8 5B TG M . KEGG 3l #& B & 3L (K1 3D)
DEGs 32 % & SR AL 285 PR AR -2 AR A BLAE T KO
AR AN i A QA5 A OCE i, Horh Msda2 162 5 # IR
{55 H H , Tnn 215 PI3BK-Akt {5 58 1, Wni3 598
5 Wnt {5538 [, Cyp2c23 55 464 DU 12 A 35 I I
AR AR 2%



762 Bl 2242 R K22 41, 2026, 48 (6)

http ://aammt. tmmu. edu. cn

Color Key
and Histogram

-15 0 1
Row Z-Score

.

0 20

Count

|

A26
A39
A40

Control1
Control3
Control2
>

-log10(P value)
Fm T ———— et —————

*

-4 -3 -2 -1 0 1 2 3 4
log2(Fold Change) c
A_vs_Control

d —
X I
— log2FPKM
B
' 1
k s %
: R
v =
1 |
ki — —
2 _7_4—
g i
4 —
; [— ——
(3 — e
8 8 ¢ 3 9% 3
8 8 8 B
A_vs_Control
1 1
6 A
I 4
I [
3 4 1o
z Rt . ® Down (110)
= ol Sts g R 308?15518184)
2 . .ﬁ a0t p (416)
T D) -
' L L o
[
0 e
=5 0 5
log2(Fold Change)
D

A: Heatmap of differentially expressed miRNAs; B: Heatmap of differentially expressed mRNAs; C: Volcano plot of

differentially expressed miRNAs; D: Volcano plot of differentially expressed mRNAs. Group A represents the PDPN model

group. Red indicates RNAs upregulated relative to the other group, while blue indicates RNAs downregulated relative to the

other group. DRG: dorsal root ganglia; PDPN: painful diabetic peripheral neuropathy
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Figure 2 Heatmap and volcano plot analyses of differentially expressed miRNAs and mRNAs in the DRG of PDPN rats
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A: Bubble chart for GO biological process (BP) enrichment analysis of the target genes; B: Bubble chart for GO cellular component

(CC) enrichment analysis of the target genes; C: Bubble chart for GO molecular function (MF) enrichment analysis of the target

genes. The larger the circle, the greater the count value. A redder color indicates a smaller P-value; D: Bubble chart for KEGG

pathway enrichment analysis of the target genes. DRG: dorsal root ganglia; PDPN: painful diabetic peripheral neuropathy
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Figure 3 GO functional annotation and KEGG pathway enrichment analyses of DEGs in the DRG of PDPN rats
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A: Regulatory network of downregulated miRNAs and their targeted upregulated mRNAs; B: Regulatory network of upregulated miRNAs

and their targeted downregulated mRNAs. Red indicates upregulated RNAs; blue indicates downregulated RNAs, Core hubs are

displayed in dark colors and represented by diamond shapes. DRG: dorsal root ganglia; PDPN: painful diabetic peripheral neuropathy
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Figure 4 miRNA-mRNA regulatory networks in the DRG of PDPN rats
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root ganglia; PDPN: painful diabetic peripheral neuropathy. a: P<0.05, b: P<0.01, c¢: P<0. 001, compared with the control group
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Figure 5 Validation of selected gene expression within the miRNA-mRNA regulatory network by RT-qPCR (n=6, x+s)
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A: KEGG pathway enrichment analysis of differentially expressed genes from the blood transcriptome of PDPN patients ;

B : KEGG pathway enrichment analysis of differentially methylated genes from the sural nerve of PDPN patients. PDPN: painful

diabetic peripheral neuropathy
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Figure 6 KEGG pathway enrichment analysis of differentially expressed genes in human PDPN
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