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Abstract

Vitamin B12 (B12) is a co-factor for methionine synthase and supports DNA/RNA/protein methyla-
tion through S-adenosylmethionine production. We previously demonstrated that oral high-dose B12
supplement mitigates diabetic complications in Akita diabetic Elmo1"" mice, which express twice
normal levels of Elmol (Engulfment and Cell Motility 1) that enhance diabetic complications. To assess
how B12 prevents early stage of kidney damage, we treated nondiabetic and Akita diabetic ElmolH™"
mice with or without B12 in drinking water, starting at 8 weeks old. At 16 weeks, mesangial expan-
sion in untreated diabetic kidneys began, but peritubular fibrosis and inflammatory cell accumula-
tion were minimal. B12-treated diabetic kidneys were essentially normal. RNAseq analysis of the
kidneys revealed B12 suppressed expression of genes for adaptive immune response, while upregu-
lated those for solute carrier transporters. Importantly, B12 modulated circadian genes independently
of diabetic status: B12 suppressed Clock, Bmall, and Npas2, while upregulated Cry1/2, Per1-3, Nr1d2,
and Dbp. B12 treatment significantly upregulated linker histone H1 variants, suggesting enhanced
chromatin stability and transcriptional regulation. In BUMPT cells, B12 advanced peaks of Bmall
and Per1, but delayed Cryl, indicating shortened circadian rhythm. As conclusion, B12 supplement
effectively mitigates early development of diabetic nephropathy, likely involving regulation of circa-
dian genes and linker H1 regulation.

Keywords: Vitamin B12; circadian rhythm; diabetic nephropathy

1. Introduction

Vitamin B12 (cobalamin, B12), the largest known vitamin with a molecular weight of 1355 Da, is
an essential micronutrient required for cellular metabolism, DNA synthesis, and red blood cell for-
mation [1]. Due to its inability to be synthesized endogenously, humans and mice must obtain Vita-
min B12 from dietary sources, although the average daily requirement is less than 5 pg for humans
[2]. Vitamin B12 possesses antioxidant properties, particularly since its cobalt (Co?*) center acting as
a superoxide scavenger with a reactivity rate comparable to that of superoxide dismutase (SOD) [3].
Oxidative stress is a key contributor to the pathogenesis of diabetic complications, particularly in
diabetic nephropathy (DN) [4]. Excessive production of reactive oxygen species (ROS) has been
shown to exacerbate tissue damage and inflammation in diabetic nephropathy (DN) [5-7].

The Engulfment and Cell Motility 1 (Elmo1) interact with Dock proteins (Dedicator of cytokinesis),
activating Racl-GTPase. This process is essential for phagocytosis and cell migration [6]. Activated
Racl, as an obligatory subunit of NADPH oxidases, increases superoxide production, resulting in
cellular oxidative stress [6]. Single nucleotide polymorphisms (SNPs) in the ELMO1 gene are associ-
ated with increased risk for DN in different populations [8,9]. We previously reported that mice over-
expressing Elmol at 200% of normal (Elmol1t") had elevated ROS levels and developed worsened
diabetic complications [6]. Despite similar levels of plasma glucose, insulin, and systolic blood pres-
sure across these lines, oxidative stress markers such as plasma level of lipid peroxides, erythrocyte
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levels of reduced glutathione (GSH) and plasma levels of transforming growth factor 31 (TGF[31)
progressively worsened with Elmol overexpression [6]. We further reported that treatment with B12
in diabetic Elmo1"" mice improved diabetic cardiomyopathy by modulating oxidative stress and the
DNMT-S0CS1/3-1GF-1 signaling pathway [10]. Additionally, high-dose Vitamin B12 administration
significantly decreased ROS level and reduced ischemia/reperfusion-induced kidney injuries in mice
[1].

Although our team have previously demonstrated the beneficial effects of B12 on diabetic com-
plications [1,10], the precise molecular mechanisms remain largely unknown. The current study was
designed to gain a deeper understanding of how B12 supports kidney health under diabetic condi-
tions, particularly during the early stages of DN in mice. Global gene expression was checked to
clarify the novel pathways of B12’s protective effects, including modulation of solute carrier trans-
porters, circadian clock genes, histone H1 variants, and immune signaling. By integrating these mo-
lecular changes, we propose that B12 not only improves metabolic stability but also reinforces chro-
matin structure and circadian regulation, thereby offering multi-level protection against DN.

2. Materials and Methods

2.1. Animal Study

All experiments were conducted using male Elmo1"" mice on an C57BL/6] genetic background.
Elmo1"H mice were mated with Ins24kt#+ mice (Jackson laboratory, Strain: 003548) to enhance the se-
verity of diabetic complications and recapitulate features of human type 1 diabetes [6]. Mice were
allocated into four groups: non-diabetic Elmo1"HIns2+* mice and diabetic Elmol""[ns24kit+ mice sup-
plemented with B12 starting at eight weeks of age for eight weeks at a dose of 10 mg/kg bw/day via
drinking water, or vehicle (water) [10]. Male littermates were housed together, and each cage received
B12 or control water. All groups were provided with rodent chow (Select Rodent 50 IF/9F, 5V5M,
PicoLab) ad-libitum throughout the experimental period. All mice were kept under husbandry con-
ditions conforming to the National Institutes of Health Guideline for Use and Care of Experimental
Animals.

2.2. Systolic Blood Pressure (SBP) Analysis

SBP was measured in eight weeks after B12 treatment, with a tail-cuff method [11] using (BP-
2000 SERIES 11, Visitec Systems). Mean SBP are average of the mean values of five days each consist-
ing of the mean of 30 trials/day [6].

2.3. Sample Collection

Sixteen-week-old B12 treated and non-treated mice were fasted for 3—4 hours before being sac-
rificed. During isoflurane anesthesia, with toe pinch, blood was collected via the retro-orbital vein
using heparinized capillary tubes and plasma obtained by centrifuging at 8000g for 15 minutes. Mice
were euthanized by cervical dislocation for tissue collection. The collected tissues were preserved in
RNA later (#Am7021, Invitrogen, Thermo Fisher Scientific) for RNA isolation and in 4% paraformal-
dehyde for histological analysis. Plasma and tissues stored in RNA later were kept frozen at -20 °C
until further analysis.

2.4. Plasma Biological Parameters

Plasma glucose and triglycerides were measured with Wako Autokit Glucose (#997-03001, FU-
JIFILM) and Triglyceride Assay Kit (f#MA-TG, RayBiotech), respectively. Spot urine samples were
collected for the analysis of albumin and creatinine. Urinary albumin was measured by a Murine
Microalbuminuria ELISA kit (#LS-F39493, LSBio). Urinary creatinine was measured by creatinine test
kit (#80350, Crystal Chem).
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2.5. Histology and Immunofluorescence

Renal tissues were fixed in 4% buffered formalin, paraffin-embedded, and sectioned at 5 pm,
deparaffinized and dehydrated. Periodic Acid-Schiff (PAS) staining was performed using 0.5% peri-
odic acid (#P7875, Sigma-Aldrich), Schiff’s reagent (#3952016, Sigma-Aldrich), and counterstaining
with Harris Hematoxylin (#HHS32, Sigma-Aldrich). Masson’s Trichrome staining was carried out
using standard protocol (Center for Musculoskeletal Research, University of Rochester Medical Cen-
ter). For immunostaining, kidney sections were subjected to antigen retrieval in 10 mM citrate buffer
(pH 6.0). Sections were blocked with 10% normal goat serum and 0.1% Bovine Serum Albumin (BSA)
(#10035 for 1 h at room temperature, then incubated overnight at 4 °C with either mouse monoclonal
anti-CD19 (#HIB19, 1:200; Invitrogen) or PE anti-mouse CD45RB (#A11029; 1:200; BioLegend) rat CD3
Monoclonal Antibody (17A2) (#14-0032-82, 1:200, Invitrogen ). After three PBS washes, sections of
staining with CD19 and CD3 were incubated with Alexa Fluor 488-conjugated goat anti-mouse IgG
(#A11037; 1:500; Invitrogen) and Alexa Fluor 594-conjugated goat anti-rat IgG (#A11007; 1:500; Invi-
trogen) for 1h for each at room temperature. Slides were mounted with 4’,6-diamidino-2-phenylin-
dole (DAPI) Fluoromount G (#0100-20; Southern Biotech) and imaged on a fluorescent microscope
(Olympus IX70, Japan).

RNA sequencing and data analysis: Total RN A was extracted using the RNeasy Mini Kit (74106,
QIAGEN) according to the manufacturer’s instructions. The library preparation and total RNA se-
quencing analyses were carried out at the High Throughput Genomic Sequencing Facility, University
of North Carolina, Chapel Hill, NC, USA. Raw paired-end 50-bp RNA-seq reads were aligned to the
mouse reference genome GRCm39 with gene annotations from GENCODE vM35 using the STAR
aligner. Alignments were carried out with 12 threads, producing coordinate-sorted BAM files, retain-
ing splice junction information through the supplied GTF file, assigning strand information using
intron motifs, and generating gene-level counts with the GeneCounts option. After alignment, tran-
script assembly and quantification were performed using StringTie, and count matrices were gener-
ated with the associated prepDE.py script. The gene-level count matrix was imported into R for
downstream analysis with the DESeq2 package. Genes with fewer than 100 total counts across all
samples were removed prior to normalization. Count data were normalized using the median-of-
ratios method Genes with an absolute log?2 fold change greater than or equal to one were considered
differentially expressed and were visualized with volcano plots. Significantly altered genes were then
compared in Heat Maps with whole set of mice using normalized counts. Gene expression data were
deposited in the NCBI Gene Expression Omnibus (GEO) database (Accession: GSE306999).

Quantitative Reverse-transcription Polymerase Chain Reaction (QRT-PCR): Total RNA was
extracted from the tissue with Trizol (15596026, Invitrogen, Thermo Fisher Scientific), and gRT-PCR
was performed according to the previously published method [11]. Expression levels were expressed
as relative fold increases/decreases normalized to housekeeping gene Actb, which was constant be-
tween groups. TagMan universal PCR master mix (Applied Biosystems) and specific primers were
used in a 7500 Real-Time PCR system (30 min at 48 °C, 10 min at 95 °C with 40 cycles of 15 s at 95 °C,
and 1 min at 60 °C) for quantification purposes. List of primers and probes are in Table S1.

Cell culture and synchronization: BU.MPT cells, a conditionally immortalized mouse proximal
tubular epithelial cell line [12], were cultured at 37 °C to confluence in Dulbecco’s Modified Eagle
Medium (DMEM; 11995-065, Thermo Fisher Scientific) supplemented with 10% fetal bovine serum
(FBS; 512450, Sigma-Aldrich), 100 U/mL penicillin-streptomycin (15140-122, Thermo Fisher Scien-
tific), and 10 U/mL interferon-y (14777, IEN-y; Sigma-Aldrich) in 5% CO,, with or without 0.3 uM
cyanocobalamin (Vitamin B12; V2876, Sigma-Aldrich). Cells were passaged using 1 mL of 0.25% tryp-
sin-EDTA (15050-065, Thermo Fisher Scientific) per 100 mm dish and seeded at 80,000 cells/well in
12-well plates with or without B12. After treatment with B12 plates were maintained under non-per-
missive conditions (39 °C, 5% CO,, without IFN-y). Circadian rhythms were synchronized by treat-
ment with 100 nM dexamethasone (D4902, Sigma-Aldrich) for 2 h, followed by washes with Ca?" and
Mg?* free Dulbecco’s phosphate-buffered saline (DPBS; 21-031-CV, Corning) and replacement with
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fresh medium. Total RNA was collected every 4 h from 12-60 h post-synchronization, and expression
of genes was quantified by real-time PCR.

Statistics and reproducibility: All measurements were taken from biologically distinct samples.
Data are expressed as means * standard errors. Multifactorial ANOVA test was used with the pro-
gram Pro JMP 17.2.0 (SAS Institute, Cary, NC). Post hoc analyses were done using the student t-test
as described in figure legends. Effects of diabetes and of B12 treatment and their interactions were
assessed using Generalized Linear Model. Reproducibility including biologically independent sam-
ple sizes is stated in each figure legend.

3. Results

3.1. B12 Treatment Improves Multiple Metabolic and Renal Parameters Decline in Diabetic Mice.

Systolic blood pressure was elevated in diabetic mice by approximately 10mmHg, while B12
treatment reduced to levels non-diabetic levels (Figure 1A). Body weight gain during the two months
of treatment with or without B12 differed markedly between diabetic and non-diabetic groups (Fig-
ure 1B). Non-diabetic control mice gained average ~18% in body weights during the two-month treat-
ment period, whereas non-diabetic mice treated with vitamin B12 gained ~13%, which is significantly
lower increase. In contrast, untreated diabetic mice demonstrated significant body weight loss, con-
sistent with their insulin-deficient phenotype. B12 treatment partially attenuated this catabolic effect,
showing a ~2% weight gain compared to untreated diabetic mice. The C57BL/6-Ins2Akita/] model
develops early, persistent hyperglycemia due to misfolded proinsulin causing ER stress and progres-
sive B-cell loss [13] limiting insulin output from a young age (~3-4 weeks), resulting in weight loss
(polydipsia/polyuria) independent of diet after 2 months of age. Enlargement of kidneys during the
early stages of diabetes is driven by a combination of glomerular hyperfiltration, cellular hypertro-
phy, and metabolic stress [14,15], often appearing before measurable declines in renal function. Alt-
hough B12 treatment did not lead to a statistically significant reduction in kidney size, a downward
trend was observed (Figure 1C), suggesting a potential role in mitigating early diabetic kidney re-
modeling.

Diabetic mice had higher plasma glucose levels compared to non-diabetic mice, but B12 had no
significant effects in either group (FigurelD). Previous studies have reported similar outcomes, where
B12 improved metabolic parameters without fully normalizing hyperglycemia in insulin-deficient
models [16]. Given that Akita mice carry a mutation in the insulin 2 (Ins2) gene leading to progressive
[-cell apoptosis, the modest glucose-lowering effect observed here is likely secondary to improved
peripheral metabolic resilience rather than direct preservation of B-cell mass. In contrast, a significant
improvement in plasma triglyceride levels was observed with B12 treatment, suggesting a role for
B12 in lipid metabolism (FigurelE). In diabetic conditions, triglyceride levels tended to vary widely,
but B12 appeared to reduce this variability, indicating a stabilizing effect on lipid metabolism. Addi-
tionally, B12 reduced the urine albumin-to-creatinine ratios in both diabetic and non-diabetic mice,
although not statistically significant (Figure 1F).

By four months of age, kidneys of diabetic mice showed glomerular compression with some
extracellular matrix accumulation and fibrosis (Figures 1H, 1I). Interstitial, peritubular fibrosis were
minimal. In contrast, kidneys of the B12 treated animals showed normal glomerular morphology
with open capillary spaces. They also exhibited a significantly reduced mesangial expansion score
(by ~55%) compared to the untreated diabetic control group (Figure 1 G&I). Masson’s trichrome stain-
ing also showed no discernable glomerular fibrosis or peritubular fibrosis following B12 treatment
despite diabetic condition (Figure 1H). Inflammatory cell infiltration was difficult to ascertain in his-
tological sections at this stage. By immunostaining, presence of CD19-positive B cells were detected
in the peritubular space of the diabetic kidneys from both with and without B12 treatment, while
naive T-cell presence appeared more substantial in the B12-supplemented group (Figure S1). This
section may be divided by subheadings. It should provide a concise and precise description of the
experimental results, their interpretation, as well as the experimental conclusions that can be drawn.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202510.0912.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 13 October 2025 do0i:10.20944/preprints202510.0912.v1

5 of 19

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202510.0912.v1
http://creativecommons.org/licenses/by/4.0/

6 of 19

NS
*%

*%

_H 53 . n ..I.M-. oo
...ﬁ.m

...Fa

C B12

—_

C B12

(=3 =3
<] =]
N -

(Ip/Bw) apL1a2A|BLL

300 1

C B12
D

C B12
ND

g 8 8 § 8

(1p/Bw) 8s0on|9

1

*kk
.
=
H

J_.ﬂ'
+

C B12

C B12

© ¥ N o =
- = v - o

(%) bBrom
Apog pybram Kaupry

T

*%

0.6
0.4

C B12

C B12

—_—

o o o o

(%) abueys Jyb1am Apog

ocoovf.
on.I%. .

o.T_lﬂo

C B12

C B12

—_—

160
150 4
140 4
130 4
120 4
110 4
100 4

(BHww) dgas

90 4

ND

ND

ND

ND

NS

i.,—‘
-
C B12
D

D_B12

C B12
ND

2 . uT.I. s
L

o« ~N - o

uoisuedxa |elbuesajy

C B12
D

i

NS

C B12
ND

H
Pﬁ.

(=3
1=
®

(Bw/brl) yov

300

200

100
0

nons CC BY license.

O
o
=
=
o
D
O
o
@
©
=
—J
e
Q
2
=
o]
=
@
(a)
~
2]
()
o
=
S
=
S
&)
=
=
>
Lo
Lo



https://doi.org/10.20944/preprints202510.0912.v1
http://creativecommons.org/licenses/by/4.0/

7 of 19

G K

Figure 1. B12 improves pathological and renal parameters in diabetic mice. (A) SBP; (B) body weight changes from two months to four months of age; (C) kidney weight/body weight; (D) plasma
glucose; (E) plasma triglycerides; (F) urinary albumin-to-creatinine ratio; (G) mesangial expansion; and (H) Masson’s Trichrome staining highlights fibrosis (green arrows). (I) Periodic acid-Schiff
(PAS) staining with hematoxylin of the glomerulus in 16-wk-old male mice. Groups: non-diabetic (ND), diabetic (D), control (C), vitamin B12-treated (B12). Scale bars: 800 um (black), 200 um
(red). Data are mean + SEM, n = 5-13 mice/group. **P < 0.05, ***P < 0.001, NS = not significant.
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3.2. Global Gene Expression Analyses Revealed Beneficial Pathways Through Which B12 Mitigates Diabetic
Nephropathy Development.

Physiological and histological characterizations described above confirmed that at four months
of age is the adequate time point for our quest for the basis of protective effects of B12, since the
diabetic nephropathy in the untreated diabetic mice were still at a very early stage such that the con-
tribution to the global RNA expression pattern is likely due to the inflammatory cell infiltrating dam-
aged kidneys and the secondary tissue responses. We, therefore, subjected four kidneys from each
group to RNA seq analyses (n=4 each). The differential gene expression analyses revealed widespread
transcriptional differences between the kidneys of diabetic mice with and without B12 supplementa-
tion, as illustrated in a Volcano plot (Figure 2). The top significantly upregulated and downregulated
genes within each functional category with their full names, effect of diabetes and B12, the corre-
sponding log2 fold-change values and padj values are provided in Table S2. The mean normalized
counts (+ standard error) for each gene in each group, along with the effects of diabetes, B12 treat-
ment, and their interactions, were assessed using a Generalized Linear Model, as shown in table S3.
The expression levels of these representative groups of genes were further analyzed together with
the normalized counts of gene expression in each kidney of four groups and illustrated using
heatmaps (Figure 3). There are multiple genes that have been identified previously associated with
diabetic nephropathy. General observation of these genes suggests that genes with significant altera-
tions observed belong to in immune signaling, transport/metabolism, circadian rhythm regulation
and epigenetic pathways.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 2. Volcano plots showing differential gene expression in diabetic mice treated with B12. The volcano plot
displays the distribution of differentially expressed genes based on log; fold change (x-axis) and —logio(p-value)
(y-axis). Vertical dashed lines indicate the fold change cutoff (+0.5), and the horizontal dashed line represents
the significance threshold (p < 0.05). Genes that meet both thresholds are classified as Significant and are plotted
with higher opacity, while non-significant genes are shown with reduced opacity. Data points are color-coded
according to functional categories: Immune (dark green), Histone (purple), Circadian (red), Metabolism &

Transport (orange), and Structural (navy). Representative genes within each category are labeled.
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Figure 3. Vitamin B12 Modulates Gene Expression Across Multiple Pathways. Heat maps represent the expres-
sion of (A) immune genes; (B) transport genes; (C) oxidant/antioxidant genes; (D) structural and metabolic
genes; (E) circadian genes; and (F) histone and cell cycle genes in non-diabetic (ND) and diabetic (D) mice treated
with vitamin B12 (B12) or untreated controls (C). Color intensity represents normalized expression (logz fold

change of normalized counts), with red indicating upregulation and blue indicating downregulation.

3.2.1. Inmune-Inflammatory Pathways

In B12 treated diabetic mice, Edar, a member of Tumor necrosis factor (TNF) receptor family that
activate downstream signaling pathway, including NF-kB, which is important for inflammation and
tissue development, was upregulated. Its adaptor Edaradd, is required to transmit signals from Edar
to NF-kB, was downregulated, pointing to selective regulation in this signaling axis and NF-«B acti-
vation [17]. This dual pattern suggests that B12 preserved baseline EDAR function while limiting
EDARADD-driven amplification of NF-kB-mediated inflammatory stress. Because Edar can also ac-
tivate alternative pathways such as JNK/Erk signaling, B12 may bias downstream signaling toward
protective, non-inflammatory outcomes [18]. Several interferon-stimulated genes (Bst1, Ifit1bl2, Ifih1)
were also upregulated, indicating that B12 restored interferon responsiveness, which is often im-
paired under hyperglycemia.

In addition, many relatively small expression immunoglobulin genes suppressed in untreated
diabetic kidneys (Ighj2, Ighg1, Iglc3) were partially restored with B12, suggesting recovery of humoral
defense mechanisms. While CD19* B-cell infiltration was prominent in untreated diabetic kidneys,
consistent with reports of their pathogenic role in nephropathy, B12 treatment appeared to attenuate
this pathological infiltration while enhancing T-cell-associated regulatory signatures. These results
align with clinical evidence showing that B12 supplementation restores lymphocyte counts and en-
hances regulatory T-cell function in B12-deficient individuals [19]. Together, these findings support
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an immunomodulatory role of B12, as it alleviates renal inflammation by reducing pathogenic B-cell
activity and promoting protective T-cell-mediated pathways (Figure S2:A).

3.2.2. Solute Carrier Expression and Water Handling

Proximal tubular cells are metabolically most active cells in the kidney [20], and genes encoding
transporters that are essential for electrolyte, amino acid, and phosphate regulation (Slc4a5, Slc22a4,
Slc4al, and Slc44a3) were significantly upregulated, suggesting improved tubular homeostasis. Con-
versely, solute carriers such as Slc10a5, and Slc25a19 were suppressed, indicating selective downreg-
ulation of nutrient and ion transport. Agp6 expression was also induced, pointing to enhanced water
reabsorption capacity (Figure S2: B). Of note, B12 strongly upregulated Slc4a5, may underline the
observed improvement in blood pressure regulation in diabetic mice treated with B12 (Figure 3B).

3.2.3. Redox Regulation

B12 is a SOD mimetic [3] and reduced oxidative stress of cells [1]. Current study did not show
strong regulation of most of the antioxidant related genes. Some of them such as Ubal, Pex5, Txnrd3,
and Maoa were slightly upregulated, while Sod1, Pdss1, and Gpx6 were suppressed in untreated dia-
betic kidneys but preserved with B12 (Table S2). Notably, Txnip, responds to glucose-inducible in-
hibitor of TRX, was robustly induced with B12, which may appear maladaptive. This might seem
harmful at first [21] but, with B12 Txnip upregulation could be an adaptive response to manage oxi-
dative stress and restore redox balance (Figure 3C). This is consistent with B12’s broader role in pro-
moting antioxidant defenses, possibly through methylation-dependent or metabolic regulation. To-
gether, these findings demonstrate that B12 strengthens renal antioxidant capacity and reduces dia-
betes-driven oxidative stress (Figure 52: C).

3.2.4. Metabolic and Structural Pathways

Fibrosis and extra cellular matrix (ECM) associated genes such as Col20al, Muc6, and Ttn were
suppressed, while protective genes such as Rph3a, Ptprn2, Aldoc, and Wnt11 were upregulated. These
changes suggest that B12 reduces maladaptive structural remodeling while enhancing repair path-
ways. Though the overall expression level was low, the upregulation of Cfap52 was particularly no-
table; this gene is best known for its role in ciliary function in sperm [22], its induction in kidney
tissue suggests broader restoration of cilia-associated pathways. Because cilia serve as sensory and
polarity hubs in podocytes and tubular epithelia, Cfap52 upregulation may stabilize epithelial organ-
ization and enhance renal function. Restoration of Wnt11 further supports this interpretation, as
Wnt11 plays a crucial role in kidney polarity and epithelial repair [23] (Figures S2: D). Together, these
changes demonstrate that B12 rebalances multiple metabolic axes, including glucose handling, lipid
metabolism, and mitochondrial function, in the diabetic kidney.

3.2.4. Vitamin B12 Reprograms Circadian Clock Networks and Chromatin Architecture in the Dia-
betic Kidney

B12 supplementation exerted pronounced effects on circadian regulation in the diabetic kidney
(Figure 3E). Core clock activators, including Bmall, Clock, and Npas2, were consistently suppressed,
whereas negative feedback regulators (Cry1-2, Per1-3) and the NAD*-biosynthetic gene Nampt were
strongly induced. This coordinated shift indicates that B12 actively reprograms circadian transcrip-
tional feedback loops, rather than just protecting against metabolic stress. The induction of Nampt, a
central regulator of NAD* metabolism [24], highlights a direct mechanistic link between B12 supple-
mentation, redox cofactor availability, and circadian timing. These findings reveal for the first time
that B12 mediate circadian-metabolic networks under diabetic conditions, suggesting a broader sys-
temic role for B12 in synchronizing renal metabolism with whole-body clock regulation (Figure S2:
G). Multiple H1 variants exhibited dynamic responsiveness: H1f0, H1f2, and H1f4 were upregulated,
while H1f3, H1f5, and HI1fI0 showed interaction effect (Table S2). This pattern suggests that B12
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reinforces chromatin compaction and nucleosome stability, potentially enhancing transcriptional
control under diabetic stress. In parallel, upregulation of Weel, a key G2/M checkpoint kinase [25],
together with downregulation of Cdk20, points to a coordinated role for B12 in restraining cell cycle
progression and synchronizing it with circadian timing [26] (Figure 3F). Together, these changes in-
dicate that B12 does not solely act as a metabolic cofactor but actively remodels nuclear architecture
and checkpoint regulation in the diabetic kidney (Figures S: 2F-H). Furthermore, the transcriptomic
evidence positions B12 as a multi-layered modulator of renal homeostasis, with effects spanning im-
mune signaling, solute and water transport, oxidative balance, metabolic remodeling, circadian align-
ment, and chromatin regulation. Although histological changes remained modest at this early stage,
RNA-seq revealed clear molecular reprogramming toward protective pathways.

3.3. Circadian Gene Expression in Cell Culture

In BU.MPT cells, B12 treatment significantly modified the oscillatory rhythms of several circa-
dian and metabolic genes, including Bmall, Per1, Dbp, Cryl, Nampt, and Elmol. Under control condi-
tions (without B12), these genes displayed clear rhythmic patterns of relative expression with multi-
ple distinct peaks across the time course (Figure 4). For the core clock genes, Bmall, Perl, and Dbp
were phase-advanced by approximately 2-4 hours, while Cry1 was delayed by about 2 hours. Specif-
ically, in control cells, the main two peaks of Bmall were observed at ~34h and 58h respectively,
whereas with B12 peaks were detected, at ~30h and ~56h, with the second peak being lower in am-
plitude than the first. Perl normally showed peaks at 26h, 46h, and 56h, but under B12 treatment the
peaks shifted earlier, to 24h, 40h, and 52h, indicating a consistent phase advance. Dbp showed only a
slight phase shift: its early peak at ~22 h remained unchanged, but the later peak shifted from 44h
(control) to 42h (B12). By contrast, Cry1 displayed three peaks (two of them were major), under con-
trol conditions (24h, 47h, and 56h), but with B12 treatment only two peaks were observed, at ~28h
and ~51h, reflecting both a delay and a dampening of rhythmicity. Interestingly, the metabolic regu-
lators Nampt and Elmo1 lost their normal oscillatory behavior under B12 treatment. In controls, both
genes showed four clear peaks across the monitoring period. With B12, however, their oscillations
flattened, remaining at a consistently elevated level, particularly from 20h to 52h, suggesting a loss
of rhythmic regulation and a shift toward sustained expression (Figure 4).
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Figure 4. Effect of B12 on circadian gene rhythmicity in cultured BU.MPT cells. Cells were treated with B12
(+B12) or vehicle (-B12) and gene expression was assessed by RT-qPCR across the circadian cycle. Control cells
displayed strong oscillations in (A) Bmall; (B) Per1; (C) Dbp; (D) Cry1; (E) Nampt and (F) Elmol whereas B12
treatment altered the phase and amplitude of these rhythms. Specifically, Bmall, Per1l, and Dbp showed a ~2-4 h
phase advance under B12 treatment, while Cry1 exhibited a phase delay. In contrast, Nampt and Elmo1 lost rhyth-
mic oscillation under B12 treatment, instead maintaining a high and relatively constant expression level across
the time series. Data were normalized to f-actin expression, analyzed using the 2-AACt method, and expressed
as linear expression ratios, with the mean expression at 36H of the individual gene illustrated without B12 set to
1.0.

4, Discussion

In this study we observed B12 exerts broad reno-protective effects in early diabetic nephropathy
and our pathological observations are further supported by transcriptomic analysis. Several B12-reg-
ulated genes identified in our study, including Col20al, Txnip, and Ttn, have also been implicated in
human studies where single nucleotide polymorphisms (SNPs) were associated with diabetic
nephropathy [27,28]. However, no studies have to date examined the effects of B12 on these genes or
on other B12 regulated genes which found in our study. In addition, B12-regulated genes described,
and the precise mechanisms underlying its kidney-protective effects remain to be elucidated. These
clinically observed patterns support the relevance of our experimental model and lead us to hypoth-
esize that B12 may protect against diabetic kidney injury by modulating circadian clock genes and
chromatin remodeling through histone H1.

The circadian clock is a built-in timing system that regulates physiological and behavioral func-
tions in alignment with the light-dark cycle through transcriptional-translational feedback loops
[29]. In the current study, B12 independently suppressed positive feedback loop regulators, Brmall,
Clock and Npas2, while increasing the negative feedback loop regulators Per1-3 and Cry1/2 regardless
of diabetic status. This behavior may contribute to improving physiological parameters in the early
stages of diabetic complications.[30,31
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Notably, circadian regulation is tightly interconnected with blood pressure (BP) control and kid-
ney disease. Mice lacking Cry1/2 show elevated daytime BP and worsened renal injury, whereas kid-
ney-specific Bmall disruption alters BP rhythms [30,31]. The fact that our samples (collected at ZT7-
ZT9) showed lower clock activators and higher Cry1/2 repressor expression may therefore contribute
to the SBP effects we observed with B12, even if not directly causal. In addition, contrary to reports
that glutamine and methionine upregulate Bmall in adipose tissue [32], in our study, B12 downreg-
ulated Bmall in the diabetic kidney, highlighting tissue-specific regulation of circadian genes. In ad-
dition, recent evidence supports a connection between solute carrier (SLC) gene expression and cir-
cadian clock regulation. For example, Slc22a2, a renal organic cation transporter, exhibits rhythmic
expression controlled by the core clock protein CLOCK via PPARa-mediated signaling [33]. Simi-
larly, Slc5al (Sglt1), a sodium-glucose co-transporter, has been shown to follow a circadian pattern of
expression in intestinal and renal tissues, influenced by transcription factors such as Hnf-1 and Per1
[34]. In our study, we observed modulation of several SLC, including Slc5a1 and some genes in SLC22
family, in response to B12 treatment. While the precise mechanisms remain to be clarified, the coor-
dinated changes in clock gene and SLC expression suggest that B12 may influence metabolic
transport through circadian pathways.

The strong induction of Nampt in B12-treated kidneys provides an additional mechanistic link
between circadian control and metabolism. Nampt encodes the rate-limiting enzyme of the NAD*
salvage pathway, a critical regulator of cellular energy metabolism [24]. Its upregulation is consistent
with activation of the CLOCK:BMAL1 — NAMPT — NAD* — SIRT1 feedback loop, in which in-
creased NAD* drives SIRT1-mediated deacetylation of BMAL1/CLOCK, thereby restraining their
transcriptional activity [35,36]. In this context, the observed profile of low Bmall/Npas2/Clock and high
Cry1-2 suggests that B12 enhances NAMPT-NAD*-SIRT1 signaling, rebalancing circadian outputs in
the kidney. The upregulation of Hifla alongside circadian changes highlights a broader link between
B12 and metabolic adaptation under stress. Hifla is a master regulator of hypoxia responses and has
been implicated in obesity and metabolic dysfunction [37,38]. Thus, B12 may reset peripheral clocks
and partially normalize hypoxia-related signaling, providing a protective mechanism in metabolic
disease.

An additional noteworthy finding in our study was the regulation of H1 linker histones by B12
treatment in diabetic mice. Linker histones occupy the nucleosome entry—exit regions of DNA, facil-
itate higher-order chromatin folding, and suppress aberrant transcriptional activity [39—41]. Our re-
sults suggest that B12 modulates the expression of histone linker genes and thereby influences epi-
genetic regulation, potentially reshaping chromatin structure and altering the transcriptional activity
of genes related to metabolism, circadian rhythms, and renal function. Hyperglycemia, advanced
glycation end-products (AGEs), and ROS remodel chromatin structure, in part by shifting the activity
of histone-modifying enzymes. Glycation can directly damage H1 proteins and weaken Hl-chroma-
tin interactions, leading to chromatin relaxation and inappropriate activation of pro-inflammatory
genes [42,43]. Such stress and dedifferentiation states are typically accompanied by reduced H1.0
levels, consistent with our observation in untreated diabetic mice.

Our in-vitro experiments with a BU.MPT cell line suggest that B12 may influence circadian gene
oscillations. Although the precise underlying mechanisms remain to be fully elucidated, these find-
ings provide an indication of B12’s potential regulatory role in circadian dynamics. B12 shifted oscil-
lator timing in a non-uniform manner and this deviation between positive- and negative-limb genes
suggests that B12 alters the internal balance of the feedback loops, temporarily reshaping expression
of downstream clock-controlled genes. Several mechanisms may underlie this effect: First, Methyla-
tion control — B12 is a cofactor in one-carbon metabolism, potentially modifying DNA and histone
methylation at clock gene promoters [44]. Second, NAD~ availability — By influencing Nampt and the
NAD?* salvage pathway, B12 may alter SIRT1-mediated deacetylation of BMAL1/CLOCK [45]. Third,
Protein stability — B12 may affect PER/CRY stability or nuclear transport, explaining why Per1 ad-
vanced while Cryl was delayed. However, the most striking result was the loss of rhythmicity in
Nampt. In controls, Nampt followed oscillations; with B12, oscillations were lost, and expression
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remained at a high, constant level throughout the cycle. Because Nampt is the rate-limiting enzyme
for NAD* biosynthesis, its rhythmicity is essential for NAD* oscillations and SIRT1 activity [24]. Con-
stantly high Nampt could flatten NAD* rhythms, potentially dampening clock-metabolism feedback.
This suppression of amplitude while maintaining high expression suggests metabolic or epigenetic
regulation by B12. Our results are consistent with prior evidence that methyl donor availability alters
clock phase and amplitude. In hepatocytes, methylation-dependent modification of BMAL1/CLOCK
binding sites shifted circadian oscillations [46]. In humans, B12 supplementation advanced melatonin
and core body temperature rhythms, further supporting an entrainment role for B12 in peripheral
clocks [47].

5. Conclusions

Protective effects of Vitamin B12 from early diabetic kidney injuries highlight genes for redox
balance, inflammation/immunity, solute transport and structural integrity. Our RNA seq analysis re-
vealed the modulation of circadian rhythm controlling gene expression inducing phase shift of rhyth-
mic expression of core clock genes. Increased transcription of linker histones suggests enhanced chro-
matin stability and cell cycle progression. These findings suggest a previously unrecognized epige-
netic and circadian mechanism through which B12 mitigates diabetes-induced renal injury. To our
knowledge, this is the first report linking circadian gene regulation and the upregulation of H1 vari-
ants with B12 in the diabetic kidney, highlighting a novel intersection between micronutrient status,
circadian biology, and chromatin regulation in diabetic kidney disease.

While this study provides novel insights into the effects of B12 on circadian clock gene expres-
sion in male Elmol-overexpressing diabetic and non-diabetic mice, several limitations should be
acknowledged. Only male mice were included, which limits the generalizability of the findings. Sex-
specific differences in metabolism, circadian rhythms, and response to B12 may exist, and future
studies should include female mice to evaluate these potential effects. Tissue samples were collected
at a single time point. Because circadian gene expression is inherently dynamic, analyzing only one-
time point may not fully capture the oscillatory patterns or the complete influence of B12 on circadian
regulation. Additionally, the unequal and random number of animals per cage may have introduced
variability in behavior, stress, and metabolic activity, further influencing gene expression outcomes.
The overexpression of Elmol itself may have amplified phenotypic differences, complicating the in-
terpretation of B12-specific effects. Finally, this study focused only on gene expression levels. Protein
abundance and downstream metabolic effects were not evaluated, and the molecular mechanisms
remain incompletely understood. For instance, although in-vitro experiments suggested a role for
Nampt in circadian regulation under B12 treatment, further mechanistic validation is needed.

To address these limitations, future investigations should: (i) separately house diabetic and non-
diabetic mice to standardize water and B12 intake; (ii) collect tissues across multiple circadian time
points to capture dynamic oscillatory patterns; and (iii) perform mechanistic studies, such as condi-
tional Nampt knockdown or overexpression, as well as epigenetic analyses (e.g., ChIP assays or
ATAC-seq) to explore whether B12 influences clock gene regulation through histone modifications
or chromatin accessibility. Incorporating proteomic and metabolomic analyses alongside tran-
scriptomics will also provide a more comprehensive understanding of how B12 modulates circadian
rhythms and metabolic phenotypes.

Supplementary Materials: The following supporting information can be downloaded at: Preprints.org, Figure
S1: B cell and T cell distribution in diabetic kidneys with and without Vitamin B12 treatment; Figure S2: Volcano
plots of differentially expressed genes in B12-treated diabetic animals, categorized into functional groups; Figure
S3: RT-PCR validation of selected genes. Table S1: Real-Time PCR primers used; Table S2: Top significantly al-
tered genes within each functional category showing effects of diabetes and vitamin B12 treatment; Table S3:
Mean normalized counts (+ SE) for each gene and the effects of diabetes, vitamin B12 treatment, and their inter-

action assessed by a generalized linear model.
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The following abbreviations are used in this manuscript:

B12 Vitamin B12

SOD Superoxide dismutase

ROS Reactive oxygen species

Elmol Engulfment and Cell Motility 1
SNPs Single nucleotide polymorphisms
GSH Glutathione

TGFp1 Transforming growth factor 31
SBP Systolic blood pressure

GEO NCBI Gene Expression Omnibus
qRT-PCR Quantitative Reverse-transcription Polymerase Chain Reaction
PAS Periodic Acid-Schiff

TNF Tumor necrosis factor

ECM extra cellular matrix

AGEs Advanced glycation end-products
BP Blood pressure

SLC Solute carrier
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