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Abstract
Background Ascorbic acid can regulate the function of the immune system. This study aimed to investigate the 
underlying mechanisms of ascorbic acid in plasma cell differentiation and rheumatoid arthritis (RA).

Methods Mice were intraperitoneally injected with either ascorbic acid or an equivalent volume of phosphate-
buffered saline (PBS). To elucidate the effects of ascorbic acid on arthritis, we utilized a collagen induced arthritis 
mouse model (CIA). To investigate the effects of ascorbic acid on antibody response, mice were immunized with 
(4-Hydroxy-3-nitrophenylacetyl)-Ficoll (NP-Ficoll) or (4-hydroxy-3-nitrophenyl) acetyl-keyhole limpet hemocyanin 
(NP-KLH) to elicit a T-cell independent (TI) or T-cell dependent (TD) antibody response. To clarify the ability of ascorbic 
acid on plasma cell production, we tracked the B cell differentiation fate on the NP-specific B1-8hi BCR transgenic 
background.

Results Ascorbic acid-injected mice demonstrated significantly delayed disease incidence and decreased disease 
severity compared to PBS-injected mice. Ascorbic acid can reduce the titers of autoantibodies in both arthritis 
and lupus mice models. Ascorbic acid can significantly reduce the number of plasma cells and the production of 
antigen-specific antibodies in TI and TD antibody response. In addition, ascorbic acid can disrupt the antibody affinity 
maturation. Through B1-8hi adoptive transfer experiments, it has been demonstrated that ascorbic acid restrains B cell 
differentiation into plasma cells in a cell-intrinsic manner. After in-depth exploration, we found that ascorbic acid can 
block the cell cycle of B cells and promote cell apoptosis. Mechanistically, ascorbic acid inhibited the production of 
autoreactive plasma cells by inhibiting the Stat3 signaling pathway.

Conclusion Our study demonstrates that ascorbic acid has the ability to suppress the generation of autoreactive 
plasma cells, diminish the production of autoantibodies, and consequently delay the onset of rheumatoid arthritis.

Highlights
 • Ascorbic acid intake inhibits arthritis via reducing the production of autoantibodies.
 • Ascorbic acid restrains B cell differentiation into plasma cells.
 • Ascorbic acid restrains STAT3 activation in B cells.
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Introduction
Rheumatoid arthritis (RA) is a systemic autoimmune dis-
ease affecting joints, characterized by synovial hyperpla-
sia, joint inflammation, cartilage degradation and bone 
erosion [1]. The irreversible destruction of cartilage, bone 
and other surrounding tissues in advanced stages of the 
disease will eventually lead to severe joint deformities 
and disabilities [2]. The global incidence rate of rheuma-
toid arthritis is about 0.4–1.3% [3]. The pathogenesis of 
RA remains incompletely understood, potentially involv-
ing genetic susceptibility factors, environmental triggers 
and dysregulation of the innate and adaptive immune 
system [4].

In recent years, several studies have sought to provide 
novel insights into the disease mechanism of RA. While 
various treatment modalities exist for RA, individual 
patients may require tailored approaches to optimize 
therapeutic outcomes. The identification of biomark-
ers for patient stratification in treatment selection holds 
promise for enhancing the efficacy of RA therapies. How-
ever, the high cost associated with certain treatment 
options, such as biologic drugs, poses a significant chal-
lenge. Therefore, it is imperative to identify modifiable 
risk factors and implement preventive measures in order 
to inform public health strategies aimed at reducing the 
disease burden in the aging population [5].

Rheumatoid arthritis is characterized by immune sys-
tem dysregulation, including elevated levels of autoreac-
tive CD4+T cells, pathogenic B cells, M1 macrophages, 
inflammatory cytokines, chemokines and autoantibodies. 
B cell depletion therapy has demonstrated the significant 
role of B cells in the pathogenesis of rheumatoid arthritis, 
prompting increased attention towards utilizing B cells 
as a therapeutic target for RA [6]. The various functions 
of B cells, such as antigen presentation, cytokine secre-
tion and autoantibody production, are closely linked to 
the development of RA. In the initial stage of collagen-
induced arthritis (CIA), autoreactive B cells may contrib-
ute to the activation of autoreactive T cells, potentially 
exacerbating the disease. Furthermore, B cells present 
in the peripheral blood of RA patients have been shown 
to secrete a variety of cytokines that play a role in bone 
destruction, including: TNF-α, IFN-γ, IL-6, IL-1β, IL-17 
and IL-10 [7]. Autoantibodies are mainly secreted and 
produced by autoreactive B cells upon their differentia-
tion into plasma cells. The autoantibodies associated with 
RA predominantly include rheumatoid factor (RF), anti-
citrullinated protein antibodies (ACPA), anti-modified 
citrullinated vimentin antibody, anti-carbamylated pro-
tein antibody, anti-peptidyl arginine deiminase 4 (PAD-4) 
antibody, anti-glucose-6-phosphate isomerase (GPI) anti-
body and so on [8]. In RA, immune complexes containing 
RF or ACPA activate the complement pathway, resulting 
in the production of C5a and membrane attack complex, 

both of which can contribute to joint damage [9]. Addi-
tionally, the formation of immune complexes involving 
RF and autoantigens can activate Fcγ receptors (FcγR), 
leading to osteoclast differentiation and subsequent bone 
destruction in RA patients [10].

It is noteworthy that an increasing amount of evidence 
suggests that the onset and progression of rheumatoid 
arthritis (RA) are linked to oxidative stress resulting 
from the excessive production of reactive oxygen spe-
cies (ROS). This implies that antioxidants derived from 
diet may have potential in preventing RA [11]. Oxida-
tive stress is characterized by an imbalance between ROS 
production and clearance by the antioxidant defense 
system, leading to macromolecular damage and disrup-
tion of redox signaling and control [12]. Oxidative stress 
has been shown to contribute to the modulation of the 
local microenvironment at RA lesion sites, leading to 
increased proliferation of abnormal synoviocytes and 
exacerbation of inflammatory infiltration [13, 14]. Anti-
oxidants play a crucial role in defending against oxidative 
damage by preventing lipid peroxidation and inactivating 
oxygen radicals. Therefore, it is plausible to hypothesize 
that a sufficient dietary intake of antioxidants, which act 
as scavengers of free radicals, could offer a potential strat-
egy for the prevention of RA. Indeed, numerous studies 
have consistently shown a correlation between inade-
quate dietary intake and decreased circulating levels of 
ascorbic acid with a heightened susceptibility to RA [13, 
15]. Ascorbic acid serves as a co-factor in multiple enzy-
matic reactions and exerts anti-inflammatory effects by 
combating inflammatory biomarkers [16]. This water-sol-
uble antioxidant is absorbed in the distal small intestine 
through an energy-dependent active transport mecha-
nism and plays a crucial role in collagen synthesis, fatty 
acid transport, neurotransmitter synthesis, prostaglandin 
metabolism, and nitric oxide synthesis. Nevertheless, the 
functional significance and mechanistic underpinnings of 
ascorbic acid in RA have not been fully elucidated yet.

In this study, we utilized a collagen induced arthritis 
mouse model, which serves as an autoimmune mouse 
model for human RA, to investigate the mechanism 
through which ascorbic acid hinders RA progression. 
The results indicate that ascorbic acid effectively sup-
presses the generation of autoantibodies in arthritic mice. 
Furthermore, it impedes the activation of stat3, reduces 
the production of self-reactive plasma cells, and conse-
quently mitigates the onset and progression of arthritis.

Methods and materials
Mice
Ovalbumin (OVA)-specific OT-II TCR-transgenic mice 
(OT-II mice) (004194), B1-8hi (007595), Rosa26-Cas9 
(028555) and B6.C-H2bm12/KhEg (bm12) mice (001162) 
were purchased from Jackson Laboratory. B1-8hi mice 
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were used as a source of B1-8hi B cells specific for the NP 
and NIP haptens. To generate case9-expressing B1-8hi 
cells, B1-8hi mice were crossed to Rosa26-Cas9. The 
bm12 strain differs from the C57BL/6 by three amino 
acids in the beta chain of the I-A molecule and transfer of 
major histocompatibility complex (MHC) II-mismatched 
splenocytes from bm12 mice into C57BL/6 mice can lead 
to a chronic graft-versus-host disease (cGVHD) with 
symptoms closely resembling systemic lupus erythema-
tosus-like syndromes.

C57BL/6 mice (6 to 8 weeks old) were purchased from 
GemPharmatech Co, Ltd. Mice were housed in a tem-
perature-controlled, appropriate humidity animal facil-
ity with 12  h light-dark cycles. All mice had unlimited 
access to water and commercial food. All animal experi-
ments were conducted in accordance with the Principles 
of Laboratory Animal Care, and were approved by Insti-
tutional Animal Care and Use Committee of Yangzhou 
University.

Induction and evaluation of collagen-induced arthritis 
(CIA)
CIA was induced and assessed as previously described 
[17]. Briefly, 8- to 12-week-old mice were immunized by 
intradermal injection in the tail with 100  µg of chicken 
CII (Chondrex, 20,012) emulsified in an equal volume of 
5  mg/ml complete Freund’s adjuvant (Chondrex, 7023). 
Immunization was boosted with the same amount of 
CII emulsified in incomplete Freund’s adjuvant (Sigma, 
F5506) intradermally in the tail proximal to the primary 
injection site. In some experiments, mice injected with 
PBS and complete Freund’s adjuvant were used as CIA-
negative controls.

The clinical scores for each paw were evaluated every 
other day for 42 d and scored individually on a scale of 
0–4, which results in a maximum score of 16. Each paw 
was scored as follows: 0, no evidence of erythema and 
swelling; 1, erythema and mild swelling confined to the 
tarsals or ankle joint; 2, erythema and mild swelling 
extending from the ankle to the tarsals; 3, erythema and 
moderate swelling extending from the ankle to metatar-
sal joints; 4, erythema and severe swelling encompass the 
ankle, foot and digits, or ankylosis of the limb.

After the mice were euthanized on day 42, the hind 
limbs were fixed in 4% paraformaldehyde (PFA), decalci-
fied in EDTA for 3 weeks and then embedded in paraffin. 
To perform hematoxylin and eosin (H&E) staining, the 
sections were dewaxed with xylene, rehydrated with an 
ethanol gradient, and stained with hematoxylin and fol-
lowed by eosin. To perform tartrate-resistant acid phos-
phatase (TRAP) staining, a TRAP Kit (Servicebio, G1050) 
was used according to the manufacturer’s instructions. 
We performed Safranin O-Fast Green staining using 
a Safranin O-Fast Green staining solution (Servicebio, 

G1053). Briefly, we put sections into fast green staining 
solution for 2  min and then safranin O staining solu-
tion for 2  min. To perform Toluidine Blue staining, the 
sections were stained with Toluidine Blue (Servicebio, 
G1032) for 5 min.

The histological severity of arthritis was evaluated 
by assessing exudate, synovitis, pannus formation and 
marginal erosion of the joint and articular architectural 
changes, each graded for severity from 0 (normal) to 5 
(severe) by an investigator blinded to the experimental 
groups, as described previously [18, 19]. The grading of 
joint space exudate was determined based on the quan-
tity and distribution of inflammatory cells, specifically 
neutrophils and monocytes/macrophages, along with 
fibrin-like material within the joint space. Synovitis is 
characterized by the thickening of the synovial lining 
layer and inflammation of soft tissues in the infrapatel-
lar fatpad, joint capsule, and periosteal sheath. Pannus 
is defined as the invasion of hyperplastic synovium over 
the articular surface or bone at the cartilage-bone junc-
tion. Evaluation of cartilage degradation focuses on the 
patellofemoral and tibiofemoral articular surfaces, while 
bone degradation is assessed based on the extent and 
depth of subchondral and periosteal bone erosion. The 
average histologic severity score for a given experimen-
tal group was determined by calculating the mean of the 
5 histopathologic features, each of which was assessed 
at 4 section depths per joint. The overall score reflects: 
0, normal joint appearance; 1, minor changes, consis-
tent with remission, may be clinically normal; 2, moder-
ate inflammatory disease; 3, major inflammatory disease; 
4, destructive, erosive arthritis; 5, destructive, erosive 
arthritis with major bone remodeling.

Micro-computed tomography scanning
All specimens were scanned at 18  μm using micro-CT 
(Quantum GX II, PerkinElmer) and reconstructed into 
cross-sectional images with an isotropic voxel size of 
18  μm. The morphometric parameter of the trabecular 
bone, including bone volume/tissue volume (BV/TV, %), 
trabecular thickness (Tb.Th mm), trabecular number 
(Tb.N, 1/mm), and trabecular separation (Tb.Sp, mm), 
were analyzed using the software Analyze 12.0 (Perki-
nElmer, USA).

The bm12 inducible model of systemic lupus 
erythematosus (SLE)
To induce experimental lupus-like autoimmune disease 
in mice, we adapted inducible bm12 model as previ-
ously described [20]. Briefly, 7.5  million purified CD4+ 
bm12 T cells were intraperitoneally injected into recipi-
ent C57BL/6 mice. Sera were collected to examine anti-
double-stranded DNA ELISA. After the mice were 
euthanized, the kidneys were fixed in 4% PFA and then 
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embedded in paraffin. Sections were stained with Biotin-
SP AffiniPure Donkey Anti-Mouse IgG (H + L; Jackson 
ImmunoResearch, 715-065-151) diluted at a 1:500 ratio 
for 1 h at 25 °C, and then incubated with Cy3 Streptavidin 
(Bbi-lifesciences, D110514-0100) diluted at a 1:200 ratio 
for 1 h. Images were collected with a Zeiss Axio Imager2 
fluorescence microscope using a ×10 objective.

Enzyme linked immunosorbent assay (ELISA)
We used NP2-BSA (Bovine Serum Albumin) (Biosearch, 
N-5050XL-100) or NP30-BSA (Biosearch, N-5050 H-100) 
to detect NP-specific antibody production in mice. Hap-
ten 4-Hydroxy-3-nitrophenylacetyl (NP) was conjugated 
to BSA protein through lysine by amide bonds. NP2-BSA 
(conjugation ratio of 2) was used to detect high-affinity 
NP–specific antibodies, whereas NP30-BSA (conjuga-
tion ratio of 30) was used to detect total NP–specific 
antibodies. The ELISA plates were coated with NP2-BSA 
and NP30-BSA, chicken CII (Chondrex, 20,012) in PBS 
at 4  °C overnight. The next day, wells were seeded with 
60 µl of the diluted samples (the sera) and incubated for 
2  h at 25  °C. After washing, the plates were incubated 
with goat-mouse IgG1, IgG2b, IgG2c, IgG or IgM-HRP 
(SouthernBiotech, 1070-05, 1090-05, 1079-05, 1030-05 
and 1021-05). Finally, the plates were washed and then 
developed with TMB (Vector Laboratories, SK-4400) and 
read at 450 and 570 nm using a BioTek Synergy H4 plate 
reader.

Enzyme-linked immunospot assay (ELISpot)
The plates (MSIPN4510, Millipore) were pre-wetted with 
35% ethanol, and then coated with 15  µg/ml NP2 and 
NP30-BSA in PBS at 4 °C overnight. The next day, spleno-
cytes and bone marrow cells from C57BL/6 mice immu-
nized with NP-KLH were plated at 0.2 × 106 cells per well 
and incubated for 16  h at 37  °C in 5% CO2. The plates 
were further incubated with goat anti-mouse IgG1 or 
IgM-biotin (Southern Biotech, 1071-08 and 1021-08) and 
then incubated with AP-conjugated Streptavidin (Bbi-
lifesciences, D110527-0100). ELISpot assays were devel-
oped using Vector Blue (Vector Labs, SK-5300).

Immunizations, adoptive transfers
For T-cell independent (TI) immunizations, mice were 
immunized intraperitoneally with 50  µg NP-Ficoll 
(Biosearch Technologies, F-1420-100) in PBS. For T-cell 
dependent (TD) immunizations, mice were immunized 
intraperitoneally with 100  µg NP-OVA or NP-KLH 
(Biosearch Technologies, N-5051-100 and N-5060-25) 
mixed at a 1:1 ratio with alum (Invivogen, vac-alu-250) 
for a total volume of 200 µl. For adoptive transfer experi-
ments, 0.5 × 107 splenocytes from B1-8hi mice were 
transferred intravenously into C57BL/6 recipient mice 
together with 1 × 105 OT-II CD4+ T cells. Recipient mice 

were immunized intraperitoneally with 100 µg NP-OVA 
and then assayed 7d later after transfer.

Ascorbic acid treatment
Ascorbic acid (Sigma-Aldrich, 50-81-7) was dissolved in 
PBS at a final concentration of 25  mg/ml (PH 6.0), and 
then the mice were injected intraperitoneally with 200 
µL of ascorbic acid solution every other day. The control 
group mice were injected intraperitoneally with the same 
volumes of PBS. To determine the role of ascorbic acid 
in antigen-specific antibody responses, C57BL/6 mice 
were administered ascorbic acid via intraperitoneal injec-
tion every other day for a duration of 7 days, followed 
by immunization through intraperitoneal injection with 
NP-Ficoll or NP-KLH 1  day subsequent to the initial 
ascorbic acid injection. To determine the contribution of 
ascorbic acid in alleviating rheumatoid arthritis, C57BL/6 
mice were administered ascorbic acid via intraperitoneal 
injection every other day for a period of 21 days, fol-
lowed by immunization through intradermal injection 
with chicken type II collagen (CII) one day after the ini-
tial ascorbic acid injection to induce collagen-induced 
arthritis (CIA). In bm12-induced SLE model, C57BL/6 
mice were administered ascorbic acid via intraperitoneal 
injection one day before immunization with CD4+ T cells 
from bm12 mice followed by additional doses every other 
day for a total of 14 days post-immunization. For analy-
sis of STAT3 activation, cultured B cells were treated 
with ascorbic acid at concentrations of 0, 20,50,100 µM 
for 4 h. To prevent oxidative degradation of the ascorbic 
acid, it was freshly prepared before administration.

Flow cytometry
As performed previously [17], cells were isolated from 
spleen, incubated with indicated antibodies on ice for 
25  min, and washed with staining buffer (2% FCS in 
PBS with 50 mM EDTA). Staining reagents included: 
APC anti-B220 (Biolegend, 103,212), APCCy7 anti-B220 
(Biolegend, 103,231), Bv605 anti-CD138 (Biolegend, 
142,515), APCCy7 anti-CD86 (Biolegend, 159,217), FITC 
anti-CD69 (Biolegend, 104,506), APC anti-MHCII (Bio-
legend, 116,417), biotin anti-GL7 (Thermo Fisher Sci-
entific, 13-5902-85), PECy7 anti-CD95 (BD biosciences, 
557,653), A700 anti-CD45.1 (Biolegend, 110,724) and 
APCCy7 anti-CD90.1 (Biolegend, 202,519).

For intracellular pSTAT3 staining, LPS-stimulated B 
cells were treated with 50 µM ascorbic acid for 4 h and 
16 h. These stimulated B cells were instantly fixed with 1% 
PFA and permeabilized with cold methanol. Cells were 
then washed and stained for pSTAT3 at Tyr705 (Cell Sig-
naling Technology, 9145 S), followed by biotinylated goat 
anti-rabbit IgG (BD Biosciences, 550,338) and streptavi-
din–Alexa 647 (Invitrogen, S21374), as well as antibodies 
to B cell markers. To validate the cell apoptosis, cells were 
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Fig. 1 (See legend on next page.)
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stained with Annexin V-PE/7-AAD Apoptosis Detection 
Kit (Vazyme, A213-01) according to the manufacturer’s 
instructions. Data were collected on a BD LSRFortessa™ 
Flow Cytometer and analyzed with FlowJo v10 software.

B cell purification and culture
B cells were purified using the MojoSort™ Mouse Pan 
B Cell Isolation Kit (Biolegend, 480,051). Briefly, sple-
nocytes were stained with biotin-conjugated antibody 
cocktails and then incubated with streptavidin nano-
beads (BioLegend, 480,016). Labeled non-B cells were 
removed by magnetic separation to achieve > 98% purity. 
Afterwards, the purified B cells were cultured in RPMI 
1640 medium containing 10% FBS, 100 U/mL penicil-
lin/streptomycin, 1×nonessential amino acids, 2 mM 
L-glutamine, 25 mM HEPES (pH 7.2–7.6), and 50 µM 
β-mercaptoethanol, followed by stimulation with 1  µg/
mL LPS (Sigma, L4516), 1  µg/mL anti-IgM (Jackson 
ImmunoResearch, 115-006-075) and 1 µg/mL anti-CD40 
(BD Biosciences, 553,787) with or without ascorbic acid.

Western blotting
For immunoblot analysis, stimulated cells were lysed 
in 100  µl 1×SDS loading buffer. Separating sample with 
SDS-PAGE, transferred samples to a polyvinylidene fluo-
ride (PVDF) membrane (Millipore, ISEQ00010) using a 
wet transfer system. These membranes were blocked by 
5% skim milk in PBS with 0.05% Tween20 for 1 h at room 
temperature, and then incubated with rabbit anti-phos-
pho-Stat3 (Tyr705) (Cell Signaling Technology, 9145  S), 
rabbit anti-Stat3 (Cell Signaling Technology, 4904 S) and 
β-actin (Cell Signaling Technology, 4970  S) overnight 
at 4  °C. The membranes were incubated with second-
ary antibodies diluted in PBS for 1  h at room tempera-
ture. The Tanon imaging system visualizes the immune 
response.

Mutation analysis
Genomic DNA from 10,000 sorted GC B cells was 
extracted using a DNA microprep kit (Qiagen). VH186.2 
sequences were PCR-amplified with forward 59- G T G A 
C A A C A A T G A T T A G A C C C C T G-39 and reverse 59- A G 
C T G T A T C A T G C T C T T C T T G G C A-39 for 14 cycles at 
94˚C (30  s), 55˚C (30  s), and 72˚C (90  s) and then with 
forward 59- G T G A C A A C A A T G A T T A G A C C C C T G-39 

and reverse 59- A G A T G G A G G C C A G T G A G G G A C-39 
for 21 cycles at 94˚C (30 s), 55˚C (30 s), and 72˚C (30 s). 
PCR products were cloned into pMD20-T vector (Takara 
Bio Inc.). Bacterial colonies were sequenced and analyzed 
with Vector NTI software. VH186.2 sequences were vali-
dated with ImMunoGeneTics V-QUEST.

CRISPR–Cas9-based gene deletion
To investigate the role of ascorbic acid in regulating dif-
ferentiation of B cells into plasma cells, sodium-depen-
dent vitamin C transporter 1/2 (SVCT1/2) knockout B 
cells were generated by the CRISPR/Cas9 system. Guide 
RNA sequences targeting SVCT1 and SVCT2 were 
selected using Benchling’s CRISPR Guide tool and cloned 
into the MSCV-U6-sgRNA-Thy1.1 retroviral plasmid 
[17]. Retrovirus expressing each construct was prepared 
with 293T cells and used for transduction of Cas9-
expression B1-8hi B cells. 48  h after transfection, B1-8hi 
cas9+ B cells were adoptively transferred into C57BL/6 
recipient mice, followed by immunization with NP-OVA. 
The frequencies of plasma cells in transferred B cells were 
determined in the spleen of recipient mice seven days 
after immunization. The sgRNA sequences used in this 
study were: SVCT1:  T T C A G C A G G G A C T T C C A C C A; 
SVCT2:  G A G G C A G C T C G T C A G C A C C A.

Statistical analysis
Results are expressed as the mean ± s. e. m. and were ana-
lyzed by two-tailed Student’s t-test, two-way ANOVA, 
logrank test, Spearman correlation test or Fisher’s exact 
test. Data distribution was assumed to be normal but this 
was not formally tested. P < 0.05 was considered statisti-
cally significant. Statistical analysis was conducted using 
the GraphPad Prism 9.0 software.

Results
Ascorbic acid intake inhibits rheumatoid arthritis
To elucidate the effects of ascorbic acid on rheuma-
toid arthritis, we utilized a collagen induced arthritis 
mouse model (CIA), which mimics the development 
of human rheumatoid arthritis and allows for a com-
prehensive examination of the underlying molecular 
pathways involved in arthritis pathogenesis. Mice were 
intraperitoneally injected with either ascorbic acid or 
an equivalent volume of PBS, and the arthritis incidence 

(See figure on previous page.)
Fig. 1 Ascorbic acid intake inhibits arthritis. C57BL/6 mice were treated with ascorbic acid (5 mg/mouse) or PBS by intraperitoneal injection every other 
day for 21 days and were immunized by intradermal injection with chicken CII 1 day after the first ascorbic acid injection for induction of CIA. (A) Arthritis 
incidence of PBS-injected mice and ascorbic acid-injected mice after collagen immunization. Logrank (Mantel–Cox) test. n = 15 mice from three similar 
experiments. (B) Clinical score of arthritis in mice as described in A. Two-way analysis of variance (ANOVA) test. n = 15 mice from three similar experiments. 
(C) Paws of the CIA mice were sectioned in the sagittal plane and stained with H&E, TRAP, Safranin O-Fast Green and Toluidine blue. Scale bar, 500 μm. (D) 
Histological score of inflammation (up), cartilage damage (middle), bone damage (below) per tissue area of CIA mice. Student’s t-tests. (E) Representative 
micro-CT images of the hind paws from control mice and ascorbic acid injected mice. (F) The micro-CT scores demonstrating the bone destruction condi-
tion were obtained from four disease-related indices: bone volume/tissue volume (BV/TV, %), trabecular thickness (Tb.Th mm), trabecular number (Tb.N, 
1/mm), and trabecular separation (Tb.Sp, mm). Data are representative of three independent experiments. (*p < 0.05, **p < 0.01, ***p < 0.001)
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and clinical disease scores were recorded after second-
ary immunization. We found that ascorbic acid-injected 
mice demonstrated significantly delayed disease inci-
dence and decreased disease severity compared to PBS-
injected mice (Fig.  1A, B). Histological changes in the 
whole ankle joints demonstrated a significant decrease 
in synovial inflammation, cartilage, and bone damage 
with the administration of ascorbic acid according to 
the H&E staining (Fig.  1C up and D). The presence of 
osteoclasts directly contributes to bone destruction in 
RA. TRAP staining can identify osteoclasts. Compared 
to the unimmunized mice, the osteoclasts in the PBS-
injected mice were significantly increased. Treatment 
with ascorbic acid led to a significant reduction in osteo-
clasts. Safranin O-Fast Green staining and Toluidine 
Blue staining showed that the bone-cartilage-joint space-
cartilage-bone structures was clearer in the ascorbic 
acid-injected mice, and the cartilage structure was more 
intact (Fig. 1C). Micro-computed tomography (CT) cor-
roborated these findings (Fig.  1E). Quantitative analysis 
showed that BV/TV, Tb.Th, Tb.N and Tb.Sp were notably 
decreased in the ascorbic acid-injected mice. Conversely, 
there was a notable reduction in Tb.Sp (Fig.  1F). These 
results showed that ascorbic acid intake inhibits rheuma-
toid arthritis.

Ascorbic acid inhibits autoantibodies production
B cells can participate in the pathogenesis of autoim-
mune diseases such as rheumatoid arthritis through the 
production of autoantibodies. In order to elucidate the 
mechanism by which ascorbic acid retards arthritis pro-
gression, we initially assessed alterations in autoreac-
tive antibodies in a murine model of arthritis. Our study 
revealed that ascorbic acid has a significant impact on 
reducing collagen-specific antibodies across multiple 
isotypes in CIA mouse serum (Fig.  2A-C), as well as 
decreasing the concentration of rheumatoid factor (RF), 
the most common autoantibody in patients with rheuma-
toid arthritis (Fig. 2D).

In order to substantiate the impact of ascorbic acid 
on autoantibody production, an inducible lupus mouse 
model was employed in this study by the adoptive trans-
fer of lymphocytes from bm12 mice, a strain identical to 
C57BL/6 except for 3 amino acid substitutions on MHC 
class II, into C57BL/6 mice [20]. Following induction of 
lupus-like disease in mice through bm12 cell transfer, 
it was observed that ascorbic acid led to a significant 
decrease in the number of anti-double-stranded DNA 
and reduced IgG deposition on glomeruli compared to 
mice injected with PBS (Fig.  2E, F). Our findings from 
both arthritis and lupus models provide evidence that 
ascorbic acid possesses inhibitory effects on autoanti-
body production.

Ascorbic acid inhibits antibody response
Based on the above observation that ascorbic acid 
injection led to less antibody production in the auto-
immune disease models, we next sought to gain an in-
depth understanding of the role of ascorbic acid during 
plasma cell differentiation. Firstly, C57BL/6 mice were 
treated with ascorbic acid or PBS every other day for 7 
days and then were immunized intraperitoneally with 
NP-Ficoll 1  day after the first ascorbic acid injection to 
elicit a T-independent response. ELISA analysis revealed 
a significant decrease in NP-specific antibodies in mice 
injected with ascorbic acid compared to those injected 
with PBS on day 7 after immunization (Fig. 3A, B). This 
observation was further supported by ELISpot and FACS 
assays, which demonstrated a reduction in the number 
of NP-specific plasma cells in mice treated with ascorbic 
acid (Fig. 3C- E).

Ascorbic acid compromises antibody affinity maturation
During T-dependent antibody responses to exogenous 
antigens, germinal centers (GCs) are formed through the 
proliferation of B cells within the follicles of peripheral 
lymphoid tissues [21]. Within these germinal centers, B 
cells undergo somatic hypermutation and affinity matura-
tion, ultimately leading to the generation of high-affinity 
plasma cells [22]. Based on the aforementioned findings 
demonstrating the inhibitory effect of ascorbic acid on 
antibody production, we further analyzed its influence 
on the process of antibody affinity maturation by induc-
ing a TD response in mice using NP-KLH. Serum from 
NP-KLH–immunized mice was analyzed for NP-binding 
antibody titers by ELISA. We found that although total 
NP-specific antibody (NP30-binding) was significantly 
reduced in ascorbic acid-injected mice, higher affinity 
antiboy (NP2-binding) in ascorbic acid-injected mice was 
reduced to an even greater extent (Fig. 4A). The decrease 
in the ratio of NP2/NP30 antibody titers in mice injected 
with ascorbic acid compared to those injected with PBS, 
as shown in Fig. 4B, suggests a significant impairment in 
antibody affinity maturation in the former group. This 
observation was further validated by sequencing analy-
sis. GC B cells were sorted out for sequencing of IgH 
VH186.2, which encodes NP-specific antibody [17]. A 
notable decrease was observed in the proportion of GC B 
cell clones from ascorbic acid-injected mice carrying the 
W33L mutation, which is associated with a higher affin-
ity BCR for NP Ag, as illustrated in Fig. 4C. Comparable 
findings were achieved through the use of ELISPOT for 
the identification of NP-specific plasma cells in the spleen 
and bone marrow of mice. The administration of ascorbic 
acid was found to significantly diminish the population of 
antigen-specific plasma cells in both the spleen and bone 
marrow of mice (Fig. 4D, E). GC B cell response plays a 
pivotal role in T-dependent antibody responses. Our 
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study revealed a decrease in the GC response in mice 
treated with ascorbic acid compared to the control group 
(Fig. 4F, G). In addition to the decrease in the splenic GC 
B cells, ascorbic acid also reduced the GCB response in 
mouse mesenteric lymph nodes (Fig. S1A). A similar 
trend was observed in Peyer’s patches (Fig. S1B). The 
above results indicated that ascorbic acid compromised 
antibody affinity maturation.

Ascorbic acid restrains B cell differentiation into plasma 
cells
To provide additional evidence of the ability of ascor-
bic acid to decrease plasma cell production, we further 
tracked the B cell differentiation fate on the NP-specific 
B1-8hi BCR transgenic background [23]. These mice 
express a rearranged IgH bearing high specificity for 
NP [24]. B1-8hi mice were treated with ascorbic acid or 
PBS by intraperitoneal injection every other day for a 
period of 14 days and then splenic B cells were isolated 

Fig. 2 Ascorbic acid inhibits autoantibodies production. (A-D) PBS-injected mice and ascorbic acid-injected mice were subjected to CIA. The serum was 
collected for ELISA on day 42 day after immunization. ELISA of anti-collagen IgG21 (A), IgG2b (B), IgG2c (C) from serial serum samples. OD value versus 
dilution factors were plotted. Two-way ANOVA were used. (D) Serum RF IgG titer determined by ELISA. Student’s t tests were used. n = 8 mice from two 
similar experiments. (E) C57BL/6 mice were treated with ascorbic acid (5 mg/mouse) or PBS by intraperitoneal injection every other day for 14 days and 
were immunized by intraperitoneally injected with CD4+ T cells from bm12 mice 1 day after the first ascorbic acid injection. Representative immuno-
fluorescent images showing IgG deposits in kidney on day 14 by staining with Cy3-labeled anti-mouse IgG. Scale bar, 50 μm. (F) ELISA of anti-dsDNA in 
serum from immunized mice on day 14. Data are means ± SEM. Student’s t tests were used. n = 7. Data are representative of 2 independent experiments. 
(*p < 0.05, **p < 0.01, ***p < 0.001)
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and adoptively co-transferred with OT-II T cells which 
express a T cell receptor specific for OVA into recipient 
mice. Subsequently, these mice were immunized with 
NP-OVA to elicit a B cell response (Fig. 5A). Our findings 
align with previous results, demonstrating that B1-8hi B 
cells treated with ascorbic acid exhibited reduced differ-
entiation into plasma cells and germinal center B cells 
(Fig. 5B, C).

In mammals, endogenous ascorbic acid homeostasis is 
tightly regulated by sodium-dependent vitamin C trans-
porter (SVCTs), which comprise two isoforms SVCT1 
and SVCT2 [25]. To investigate the necessity of intrin-
sic ascorbic acid responsiveness in plasma cell differen-
tiation, B1-8hi Cas9+ B cells were retrovirally transduced 
with single guide RNA (sgRNA) targeting SVCT1 and 
SVCT2 for adoptive transfer experiments. The results 
showed that blocking ascorbic acid transport through 

Fig. 3 Ascorbic acid inhibits antibody response. C57BL/6 mice were treated with ascorbic acid (5 mg/mouse) or PBS by intraperitoneal injection every 
other day for 7 days and were immunized by intraperitoneally injected with NP-Ficoll 1 day after the first ascorbic acid injection (day 0). (A) ELISA of NP-
specific IgM from serum on day 7. OD value versus dilution factors were plotted. n = 6 mice from two similar experiments. (B) ELISA of NP-specific IgG 
from serum on day 7. OD value versus dilution factors were plotted. n = 6 mice from two similar experiments. (C) ELISpot analysis of splenic NP-specific 
IgM + plasma cells on day 7. (D) The number of NP-specific IgM+ (left) and IgG+ (right) plasma cells in spleen on day 7. (E) Flow cytometric plots show-
ing the percentage of plasma cells (CD138 + B220-) in spleen on day 7. n = 6 mice from two similar experiments. Two-way ANOVA were used in A and B. 
Student’s t tests were used in D and E. (*p < 0.05, **p < 0.01, ***p < 0.001)
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ablation of SVCT1 and SVCT2 significantly decreased 
plasma cell differentiation (Fig.  5D). Therefore, ascorbic 
acid restrains B cell differentiation into plasma cells in a 
cell-intrinsic manner.

Ascorbic acid affected cell cycle and apoptosis of B cells
To further investigate this phenomenon, we sought to 
elucidate the impact of ascorbic acid on the process 
of plasma cell differentiation. Given its crucial role as a 
trace element in various biological processes, we initially 

Fig. 4 Ascorbic acid compromises antibody affinity maturation. C57BL/6 mice were treated with ascorbic acid (5 mg/mouse) or PBS by intraperitoneal 
injection every other day for 21 days and were immunized by intraperitoneally injected with NP-KLH/ aluminum hydroxide 1 day after the first ascorbic 
acid injection (day 0). (A) Total anti-NP30 and high-affinity anti-NP2 antibody titers in serum of immunized mice at indicated times were analyzed by ELISA. 
OD value versus dilution factors were plotted. (B) Antibody affinity maturation of IgG1 antibody was defined by the ratios of anti-NP2 versus anti-NP30 an-
tibody titers. (C) The frequency of splenic GC B cell VH186.2 p.Trp33Leu mutations on day 21 after NP-KLH immunization was determined by sequencing. 
The total numbers of clones sequenced were indicated at the center of the pies. (D) ELISpot analysis of NP-specific IgG1 + plasma cells in spleen and bone 
marrow from indicated mice immunized with NP-KLH on day 21. (E) The number of NP-specific IgG1 + plasma cells in spleen on d 21. (F) Representative 
dot plots show flow cytometric analysis of GC B cells (B220 + Fas + GL7+) in spleen on d 21. (G) The frequency (left) and number (right) of GC B cells in 
spleen on day 21. n = 5 mice from two similar experiments. Two-way ANOVA were used in A and B. Fisher exact test was used in C. Student’s t tests were 
used in E and G. (*p < 0.05, **p < 0.01, ***p < 0.001)
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speculated whether ascorbic acid could modulate the 
activation of B cells, consequently influencing their dif-
ferentiation. To test this hypothesis, we treated purified 
B cells with LPS, anti-IgM, and anti-CD40 for 16 h in the 
presence or absence of ascorbic acid, and subsequently 
assessed the expression of activation markers using flow 
cytometry. FACS results showed that ascorbic acid did 
not affect activation markers such as CD86, CD69 and 
MHCII on B cells (Fig. S2A-C). This result was consistent 

with previous reports that ascorbic acid did not affect the 
activation of B cells [26]. Subsequently, we further ana-
lyzed whether ascorbic acid would affect the proliferation 
or apoptosis process of B cells. Flow cytometry analysis 
of DNA content showed that B cells from ascorbic acid-
injected mice harbored a larger proportion of cells that 
were in the G1 phase and a smaller proportion of G2/M 
phase cells (Fig. 6A). The increased G1 proportion could 
suggest a cell cycle blockade at the G1-S phase. We then 

Fig. 5 Ascorbic acid restrains B cell differentiation into plasma cells. (A) Schematic of the experiment. B1-8hi mice were intraperitoneally with PBS or 
ascorbic acid (5 mg/mouse) every other day for 14 days and then splenic B cells were purified and adoptively co-transferred with OT-II T cells into recipi-
ent mice. The recipients were immunized with NP-OVA. Representative flow cytometry gating strategies of plasma cells (B220−CD138+) (B) and GC B cells 
(GL7+Fas+) (C) in B1-8hi cells on day 7 after immunization were shown. Right, frequency of plasma cells and GC B cells. n = 5 mice from two similar experi-
ments. (D) B cells from Cas9+ B1-8hi mice were transduced with single-guide RNA (sgRNA)-Control or sgRNA-SVCT1/2 and then transferred into C57BL/6 
recipients together with OT-II CD4+ T cells. The recipients were immunized with NP-OVA. Representative flow cytometry gating strategies of plasma cells 
(B220−CD138+) in B1-8hi cells on day 7 after immunization were shown. Right, the frequency of plasma cells. Data are representative of 2 independent 
experiments. Student’s t test. (*p < 0.05, **p < 0.01, ***p < 0.001)
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went on to assess whether B cells from ascorbic acid-
injected mice were more prone to apoptosis. Measure-
ment of both annexin V and 7AAD revealed that there 
was a significantly higher proportion of apoptotic B cells 
in ascorbic acid-injected mice than in PBS-injected mice 
(Fig.  6B), suggesting that ascorbic acid-injected B cells 
were more prone to apoptosis. Taken together, our results 
suggested that ascorbic acid led to cell cycle blockade and 
B cells were thus prone to apoptosis.

Ascorbic acid restrains STAT3 activation in B cells
Our previous research has demonstrated the significance 
of Stat3 signaling in the differentiation of plasma cells 
[17]. In addition, studies have reported that ascorbic acid 
has the ability to impede the activation of Stat3 [27]. We 
speculate that ascorbic acid can inhibit plasma cell differ-
entiation by inhibiting the activation of Stat3. To prove 
our hypothesis, we stimulated purified B cells from mice 
with ascorbic acid at concentrations of 0, 20,50,100 µM 
for 4  h and assessed STAT3 activation by immunoblot. 
The blots indicated that ascorbic acid significantly inhib-
ited the activation of Stat3 and exhibited a dose-depen-
dent relationship (Fig. 7A, B). In addition to immunoblot, 
flow cytometric staining showed the similar results by 
intracellularly staining for phosphorylated STAT3 
(Fig. 7C, D). Overall, ascorbic acid restrains STAT3 acti-
vation in B cells and inhibited plasma cell differentiation.

Discussion
Rheumatoid arthritis is a complex autoimmune inflam-
matory disorder influenced by a combination of genetic 
and environmental factors [28]. Among the environmen-
tal factors implicated in RA development, research has 
shown a negative correlation between alterations in levels 
of ascorbic acid. Numerous studies have indicated that 
inadequate dietary intake and reduced circulating levels 
of ascorbic acid are significantly linked to an elevated risk 
of RA, as ascorbic acid is recognized as a potent antioxi-
dant [29].

Oxidative stress has been shown to contribute to the 
modulation of the local microenvironment at RA lesion 
sites, leading to increased proliferation of abnormal syn-
oviocytes and exacerbation of inflammatory infiltration. 
Previous studies have investigated the effects of ascor-
bic acid supplementation as an antioxidant intervention 
on plasma levels of inflammatory molecules and disease 
severity in RA patients [30]. A recent study suggests that 
ascorbic acid may alleviate RA by regulating the balance 
of gut microbiota [31]. This study demonstrates that 
ascorbic acid has the potential to impede the differentia-
tion of B cells into autoreactive plasma cells, leading to a 
decrease in the secretion of autoantibodies and a decel-
eration of the progression of rheumatoid arthritis.

Dysfunction of the immune system, particularly aber-
rant B cell activity, is a prominent characteristic of RA. B 
cell depletion therapy has emerged as a significant clinical 

Fig. 6 Ascorbic acid affected cell cycle and apoptosis of B cells. C57BL/6 mice were treated with ascorbic acid (5 mg/mouse) or PBS by intraperitoneal 
injection every other day for 14 days. (A) Dot plots show flow cytometric analysis of DNA content in splenic B cells from PBS-injected mice and ascorbic 
acid-injected mice. n = 3. (B) The apoptosis of B cells from PBS-injected mice and ascorbic acid-injected mice were analyzed by Annexin-V and PI. n = 4. 
Data are representative of 2 independent experiments. Student’s t test. (ns, not significant, *p < 0.05)
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approach for managing autoimmune conditions like RA. 
B cells play a pivotal role in advancing RA through pro-
cesses such as antigen presentation, cytokine release, and 
autoantibody generation. The autoantibodies associated 
with rheumatoid arthritis (RA) predominantly consist 
of RF, ACPA, anti-modified citrullinated vimentin anti-
body, anti-carbamylated protein antibody, anti-PAD-4 
antibody, and anti-GPI antibody. These autoantibodies 
are primarily generated by Toll-like receptor-stimulated 

autoreactive B cells that have differentiated into plasma 
cells [32]. The potential for cross-reactivity between cer-
tain proteins with post-translational modifications (PTM) 
and foreign antigens may contribute to the proliferation 
of autoreactive B cells in RA [33]. The expansion of ger-
minal center B cells can lead to the replacement of naive 
circulating B cells within the follicular mantle region. The 
germinal center (GC) structure consists of of distinct 
zones, including a dark zone (DZ) primarily populated by 

Fig. 7 Ascorbic acid restrains STAT3 activation in B cells. (A) Western blot of p-Stat3, Stat3 and β-actin in LPS-stimulated B cells with ascorbic acid (0, 
20,50,100 µM) for 4 h. Data are representative of three independent experiments (B) Densitometry analysis of p-Stat3/Stat3 in A. (C) LPS-stimulated B 
cells were treated with 50 µM ascorbic acid for 4 h and 16 h. The p-Stat3 level was analyzed by FACS. (D) Flow cytometry analysis of p-Stat3 MFI of B cells. 
Student’s t test. Data are representative of 3 independent experiments (ns, not significant, *p < 0.05, **p < 0.01, ***p < 0.001)
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rapidly proliferating B cells undergoing somatic hyper-
mutation (SHM) and a light zone (LZ) where B cells are 
selected based on their affinity for antigen [34, 35]. It has 
long been recognized for a long time that memory B cells 
and plasma cells derived from the GC exhibit a refined 
antibody repertoire, characterized by increasing affin-
ity over time. This process, known as affinity maturation, 
reflects the presence of effective selection mechanisms 
within the GC that ensure that inferior antibody variants 
or those with autoreactive specificities are outcompeted 
by higher affinity competitors [36].

Our study illustrated that ascorbic acid effectively hin-
ders the differentiation of B cells into autoreactive plasma 
cells. Furthermore, it is important to highlight that ascor-
bic acid not only suppresses the T-independent antibody 
response, but also impedes the T-dependent antibody 
response. Germinal center B cells undergo substantial 
damage, leading to a notable decrease in antigen-specific 
plasma cells. It is pertinent to mention that ascorbic acid 
has the ability to impede affinity maturation. The hin-
drance of B cell differentiation into plasma cells is attrib-
uted not to B cell activation, but rather to the arrest of 
the B cell cycle and heightened apoptosis.

The STAT3 signaling pathway exhibits a wide range 
of biological functions, including immune cell differen-
tiation, tissue regeneration, and metabolism [37, 38]. Our 
previous research has demonstrated the pivotal regula-
tory role of activated Stat3 in plasma cell generation and 
the progression of RA [17]. In this study, we found that 
ascorbic acid has the ability to suppress Stat3 activation, 
consequently impeding the differentiation of autoreactive 
plasma cells and decelerating the advancement of RA.

There are still some limitations of our study. Ascorbic 
acid is commonly regarded as an immunostimulant in 
the scientific community. Previous studies have demon-
strated that the inclusion of ascorbic acid during in vitro 
stimulation of B cells can enhance plasma cell differen-
tiation [39, 40]. However, some animal studies have also 
indicated similar outcomes to ours, showing that ascor-
bic acid administration can decrease the production 
of IgG1 and IgE [26, 41]. The discrepancies were likely 
caused by cytokines secreted by T cells or other unidenti-
fied mechanisms. It is noteworthy that ascorbic acid can 
effectively reduce the production of autoantibodies in 
arthritis model mice and delay the onset of arthritis. This 
indicates that ascorbic acid may serve as a potential bio-
marker for the identification and management of patients 
with rheumatoid arthritis in a clinical setting. The con-
sumption or administration of moderate amounts of 
ascorbic acid may aid in symptom relief and enhance the 
overall prognosis of patients.

In conclusion, our study demonstrates that ascor-
bic acid has the ability to suppress the generation of 
autoreactive plasma cells, diminish the production of 

autoantibodies, and consequently delay the onset of 
rheumatoid arthritis. These findings prompt further 
investigation into novel approaches for the prevention 
and treatment of rheumatoid arthritis focusing on micro-
nutrients or metabolites.
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