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Magnesium increases numbers of Foxp3+ Treg cells and
reduces arthritis severity and joint damage in an IL-10-
dependent manner mediated by the intestinal microbiome
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Summary
Background Rheumatoid arthritis (RA) is a common autoimmune disease with emerging environmental and
microbiome risk factors. The western diet is typically deficient in magnesium (Mg), and there is some evidence
suggesting that Mg may have anti-inflammatory properties. But the actual role of Mg supplementation in arthritis or
in T cell subsets has not been explored.

Methods We investigated the role of a high Mg diet in two different mouse models of RA induced with the KRN
serum, and collagen-induced arthritis. We also characterized the phenotypes of splenocytes, gene expression, and an
extensive intestinal microbiome analyses including fecal material transplantation (FMT).

Findings The high Mg diet group was significantly protected with reduced arthritis severity and joint damage, and
reduced expression of IL-1β, IL-6, and TNFα. The high Mg group also had increased numbers of Foxp3+ Treg cells
and IL-10-producing T cells. The high Mg protective effect disappeared in IL-10 knockout mice. FMT from the high
Mg diet mice recreated the phenotypes seen in the diet-treated mice, with reduced arthritis severity, increased Foxp3+
Treg, and increased IL-10-producing T cells. Intestinal microbiome analyses using 16S rDNA sequencing revealed
diet-specific changes, including reduced levels of RA-associated Prevotella in the high Mg group, while increasing
levels of Bacteroides and other bacteria associated with increased production of short-chain fatty acids.
Metagenomic analyses implicated additional pathways including L-tryptophan biosynthesis and arginine deiminase.

Interpretation We describe a new role for Mg in suppressing arthritis, in expanding Foxp3+ T reg cells and in the
production of IL-10, and show that these effects are mediated by the intestinal microbiome. Our discoveries suggest a
novel strategy for modifying the intestinal microbiome to treat RA and other autoimmune and inflammatory
diseases.
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Introduction
Rheumatoid arthritis (RA) affects nearly 1% of the
population and is associated with increased risk for
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disability and increased mortality.1 RA has both genetic
and environmental contributions to disease.2 While
knowledge about genes implicated in disease
2-IL10tm1Cgn/J; IL17-GFP, GFP-inducible C57BL/6-Il17atm1Bcgen/J; KRN
RN serum-induced arthritis; Mg500, Mg 500 ppm (normal Mg diet);

, T helper type 17; Tr1, IL10-producing regulatory T cell; Tfh, T follicular
, linear discriminant analysis; LEfSe, linear discriminant analysis effect
nt
Icahn School of Medicine at Mount Sinai, New York, NY, 10029, United

9002, United States.

1

Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:percio.gulko@mssm.edu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ebiom.2023.104603&domain=pdf
https://doi.org/10.1016/j.ebiom.2023.104603
https://doi.org/10.1016/j.ebiom.2023.104603
https://doi.org/10.1016/j.ebiom.2023.104603
www.thelancet.com/digital-health


Research in context

Evidence before this study
Little is known about environmental and dietary risk factors
for autoimmune diseases such as rheumatoid arthritis (RA).
The US diet is typically deficient in magnesium, and some
studies have suggested that magnesium reduces cytokine
expression in vitro.

Added value of this study
In the present study we show that oral magnesium
supplementation reduced disease severity and joint damage,

and increased T cell subsets known to suppress autoimmune
responses (Tregs and Tr1), in a microbiome and IL-10-
dependent manner.

Implications of all the available evidence
These new discoveries raise the possibility that magnesium
supplementation has the potential to become a low risk and
low cost adjuvant to the treatment of RA and other
autoimmune and inflammatory diseases.
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susceptibility has expanded significantly,3 little is known
about environmental and dietary contributions to dis-
ease.4 Despite the development of novel and more
effective therapies in the past twenty years, disease
remission remains uncommon in RA.5 Therefore,
identification and modification of at risk environmental
and dietary factors has the potential to further improve
disease control.

Magnesium (Mg) is the second most abundant
intracellular cation and plays an important role in many
intracellular biochemical functions.6 Short-term in vitro
studies showed that increased concentrations of Mg
reduce LPS-induced production of pro-inflammatory
cytokines including TNFα, IL-6, and IL-8 and suppress
NFκB activation in monocytes and endothelial cells,7,8

while reduced concentrations of Mg were reported to
be pro-inflammatory and to activate NFκB.9 Levels of
TNFα, IL-6, and IL-8 and NFκB activity are increased in
RA and have been associated with joint inflammation
and implicated in synovial hyperplasia and joint dam-
age.1,10 Furthermore, Mg is typically deficient in the US
diet with nearly 40% of the population consuming less
than the required amounts.11 Therefore, we considered
that the commonly Mg deficient US diet might favor
pro-inflammatory pathways contributing to RA suscep-
tibility or disease severity. We hypothesized that the
administration of Mg might be beneficial in the treat-
ment of RA or rodent models of RA.

The gut microbiota has a crucial role in driving both
local and systemic immune responses.12,13 The balance
between different bacterial populations in the gut can
differentially affect the number of T cell subsets such
as Foxp3+ Tregs and Tr1, which have central roles in
controlling autoimmune and inflammatory responses.
Indeed, changes in the intestinal microbiome have
been associated with susceptibility to human autoim-
mune diseases, including RA,14–16 systemic lupus ery-
thematosus,17 diabetes,18 multiple sclerosis,19 and
others. Microbial composition in subjects with RA
differs from healthy controls with a reduction of bac-
teria belonging to the families Bacteroides and Bifido-
bacterium and a marked increase of Prevotella, among
others.14,20,21 To date we are not aware of any strategies
that have successfully modified the gut microbiome to
treat RA.

In this study, we describe for the first time that a
high Mg diet reduces disease severity and joint damage
in two well-established models of RA. Furthermore, we
demonstrate that high Mg diet modulates arthritis via
changes induced in the gut microbiome that increase
the numbers of Foxp3+ Treg cells and the number of IL-
10-producing T cells. We further describe that these Mg-
induced changes are mediated by IL-10. Our discoveries
raise the possibility that oral Mg treatment has the po-
tential to become a new, inexpensive and benign treat-
ment for RA, and perhaps for other inflammatory and
autoimmune diseases as well.
Methods
Mice
Male C57BL/6 mice were purchased from Taconic
(Rensselaer, NY). Both male and female C57BL/6J,
B6.129P2-IL10tm1Cgn/J (IL-10 KO), GFPinducible-
C57BL/6-Il17atm1Bcgen/J, male DBA/1J mice, and NOD/
ShiLtJ were purchased from Jackson Laboratories
(Farmington, CT). Given the C57BL/6 known difference
in Th17-inducing intestinal levels of Segmented fila-
mentous bacteria (SFB)22 we tested both Taconic and
Jackson mice and they were similarly protected by the
high Mg2800 diet in KSIA. Therefore, all the micro-
biome and FMT experiments used only Taconic mice.
KBxN (KRN) TCR transgenic mice (gift from Dr. C.
Benoist, Boston, MA) were bred and maintained at
Mount Sinai. Mice were housed under specific
pathogen-free conditions and all experiments conducted
under a protocol approved by the Mount Sinai Institu-
tional Animal Care and Use Committee (protocol
number 2014-0283). Mouse experiments were planned
according to the ARRIVE guidelines (www.
ARRIVEguidelines.org).

Arthritis induction and scoring
Collagen-induced arthritis (CIA)
Eight to twelve week-old male DBA/1J mice were
injected subcutaneously in the tail on day 0 with a 50 μL
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of 1 mg/ml of chicken type II collagen emulsion in
Complete Freund’s Adjuvant (Hooke laboratories, Law-
rence, MA), and received a booster containing 50 μL
emulsion of 1 mg/ml of chicken type II collagen
emulsion in Incomplete Freund’s Adjuvant (Hooke
laboratories) on day 21.23,24 Mice were followed for 71
days and scored 3 times a week.

KRN serum-induced arthritis (KSIA)
KRN TCR transgenic mice were crossed with NOD
(KRN × NOD F1) and the arthritogenic serum was
collected from 60-day old arthritic mice. Serum from
different batches was pooled and administered to male
C57BL/6 mice at 100 μL IP on days 0 and 2. Mice
typically develop arthritis on day 3, and were followed
for 6–15 days and scored three times a week.25,26

Arthritis activity and severity scoring
The clinical arthritis score was determined according to
a scoring scale ranging from 0 to 16 per mouse per day
as previously reported where 1 = swelling and erythema
in a single joint, 2 = swelling and erythema in more than
one joint, 3 = swelling of the entire paw, and
4 = swelling of paw and inability to bear weigh.26,27

Histology and histological scoring
At the end of the arthritis observation period mice were
euthanized, the paws fixed in 10% formaldehyde and
then decalcified with a solution containing hydrochloric
acid and 0.1 M EDTA (Cal-Ex; Fisher Scientific, Fairlawn,
NJ). Tissues were embedded in paraffin, and slides pre-
pared and stained with hematoxylin-eosin. The slides
were evaluated in a blinded manner with a combined
scoring system that included the following parameters:
synovial inflammation, synovial hyperplasia, cartilage,
and bone erosions (Supplemental Table S1).28–31

Small intestine and colon were collected and “Swiss-
rolled” for histology.32 Immunohistochemistry (IHC)
was done with the Ventana Discovery Ultra (Roche,
Switzerland). Mouse anti-Foxp3 monoclonal antibody
(ab20034, Abcam, Cambridge, UK) was used at a 1:6000
dilution and incubated for 30 min. Discovery OmniMap
anti-mouse-HRP (Roche 760-4310) was used as sec-
ondary antibody and the signal acquired using Discov-
ery ChromoMap DAB RUO (Roche 760-2513). Tissues
were then stained with Hematoxylin to visualize the
nuclei.

Diet chow composition and regimens
Dietary chow
The diets were purchased from Teklad-Envigo Labora-
tories (Somerset, NJ). Mice received identical diets,
except for the amount of magnesium. Specifically, the
diets were irradiated and had the following contents
(g/kg): protein (17.7), carbohydrates (64.4), fat (6.2),
casein (200), DL-methionine (3.0), sucrose (415), corn
starch (250), soybean oil (60), cellulose (30), vitamin mix
www.thelancet.com Vol 92 June, 2023
(Teklad 40060), ethoxyquin (antioxidant) (0.01), calcium
phosphate, dibasic (13.7), potassium citrate (mono-
hydrate) (7.7), calcium carbonate (4.8), sodium chloride
(2.6), potassium sulfate (1.82), ferric citrate (0.25),
manganous carbonate (0.12), zinc carbonate (0.056),
chromium potassium sulfate (dodecahydrate) (0.02),
cupric carbonate (0.012), potassium iodate (0.0004), and
sodium selenite (pentahydrate) (0.0004). The regular
(normal) mouse Mg diet had Mg oxide 0.822 g/kg of
chow (Mg 500 ppm) (as defined by the Subcommittee
on Laboratory Animal Nutrition, Committee on Animal
Nutrition, Board on Agriculture, National Research
Council)33 and the high Mg diet had Mg oxide 2.3 g/kg
of chow (Mg 2800 ppm).

Mg dietary regimen in KSIA
Male C57BL/6 mice were randomly assigned to be fed
either normal Mg diet Mg500 or a high Mg diet Mg2800
for 14 days before the induction of KSIA, and continued
on that diet until days 6–9 for tissue collection
(Supplemental Fig. S1A). A longer experiment Mg2800
diet was continued until day 15 after the induction of
KSIA (Fig. 1A). Fecal samples were collected at the
beginning of the experiments (day-14), before induction
of KSIA (day 0) and at the end of the experiments (day 6
or day 15, respectively).

Mg dietary regimen in CIA
Male DBA/1J mice were randomly assigned to either
Mg500 or Mg2800 diets starting 14 days before induc-
tion of CIA (day-14). The diets were continued for three
additional days after the initial immunization for a total
duration of 17 days. On day 3 (three days after the in-
duction of CIA) mice in the Mg2800 groups were
switched to the Mg500 diet, and kept on it until the end
of the experiment (Day 71). Fecal samples were collected
at the beginning of the experiment (day-14), after the 17
days of the different diets (day 3) and at the end of the
experiment (day 71) (Fig. 2A).

Fecal microbiota collection and transplantation
Naïve male C57BL/6 mice (donors) were placed on one
of the two diets described above for 16 days. Fecal
samples were collected on days 14 and 15, homogenized
in water (75 gr/L) and filtered using a 40 μM mesh.
Recipient male C57BL/6 received daily antibiotic treat-
ment by oral gavage for five days consisting of a com-
bination of Metronidazole (140 mg/kg), Neomycin
(140 mg/kg), and Vancomycin (10 mg/kg). To ensure
depletion of the microbiome, qPCR (fecal DNA) was
done using a primer for Eubacterium (Eub) and Bacter-
oides fragilis (Bfrag). Donor fecal material homogenate
(200 μL/mouse/day) was transplanted into recipients via
daily oral gavage for 5 days. Recipient mice were kept on
a Mg500 diet for the duration of the experiment. KRN
arthritogenic serum was administered three and five
days after stool gavage started and were scored over 12
3
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Fig. 1: Mice on Mg2800 diet had reduced arthritis severity in KSIA. A) Timeline of the experiment: relative to the induction of KSIA: day-14
diet starts; day 0 and day 2 KRN serum injection, and day 15 end of the diet and KSIA scoring period; B) Arthritis severity scores were
significantly decreased in mice receiving the Mg2800 diet compared with Mg500 (n = 25 per treatment group; *p = 0.0005 and **p < 0.0001).
C) Representative images of joints from both Mg diet groups at day 15 (hematoxylin/eosin, H&E, staining; left panels are lower magnification,
and box area are magnified on the right panels; day 12, H&E, size bars = 500 μM and 250 μM); D) Articular histology scoring for synovial
inflammation, hyperplasia, and erosions of cartilage (*p ≤ 0.03; n = 9–10 per group) and bone (**p < 0.002; n = 9–10 per group).
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days. Fecal samples were collected before (day-5) and
after antibiotic treatment (day 0) and at end of the
arthritis experiment (day 12). Spleen, synovium, and
intestines were collected for histology, gene expression
and flow cytometry.

Quantitative PCR (qPCR)
Spleen, intestine and ankle synovial tissues were
collected after the completion of the arthritis scoring
period and immediately frozen in liquid nitrogen. Tis-
sues were homogenized, and total RNA isolated with the
RNeasy Kit (Qiagen, Germantown, MD). 200 ng of total
RNA from each sample was used for cDNA synthesis
(ABI high-capacity reverse transcription kit, Thermo
Fisher, Waltham, MA; see primers on Supplemental
Table S2). Mouse Actin was used as endogenous
control.

Mouse naïve CD4+ T cell isolation and
differentiation
Naïve CD4+ T cells were isolated from C57BL/6 spleens
by immunomagnetic negative selection using EasyStep
Mouse Naïve CD4+ T cell isolation kit (StemCell Tech-
nologies, Vancouver, Canada) according to the manu-
facturer’s instructions. Cells were then re-suspended in
RPMI to 1 × 106 cells/ml and plated in 96-well plates
pre-coated with 1 μg/ml of anti-CD3 antibody (clone:
145-2C11; Biolegend, San Diego, CA). Culture media
supplemented with cytokines to induce differentiation
of different T cell subsets: Treg: TGFβ1 5 ng/ml (R&D
Systems, Minneapolis, MN) plus mIL-2 100 U/ml
(R&D); Th17: mIL-6 20 ng/ml (R&D) plus TGFβ1
5 ng/ml; Tr1: mIL-27 50 ng/ml (Biolegend); Tfh: mIL-6
100 ng/ml plus mIL-21 50 ng/ml (R&D).34 1 μg/ml of
soluble anti-CD28 (clone: 37.51, Biolegend) was added
to each well. These conditions were used in the in vitro
experiments (below) run in triplicate at 37 ◦C for 5 days
prior to flow cytometry analysis.

In vitro treatments
Three different treatments were used to test the ability
of the CD4+ naïve cells to differentiate into T cells
subsets, and to examine the ability of Tregs to suppress
Tconv proliferation: a. Effect of different concentrations
www.thelancet.com Vol 92 June, 2023
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Fig. 2: Mice on the Mg2800 diet had reduced disease severity in CIA. A) Timeline of the experiment: relative to CIA induction: day-14 diets
start; day 0 CIA induction; day 3 Mg2800 diet is stopped and mice switched to regular Mg500 diet; day 21 CIA booster and day 71 end of the
experiment; B) Arthritis severity scores were significantly lower in mice treated with the Mg2800 diets compared with Mg500 (n = 10 per
group; *p ≤ 0.03); C) Representative articular histology of mice treated with Mg500 and Mg2800 diets (day 72, H&E staining; left panels are
lower magnification, and box area are magnified on the right panels; day 12, H&E, size bars = 500 μM and 250 μM).
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of Mg (MgCl2) (ThermoFisher): different concentrations
of MgCl2 (low = 0.4 mM or 0.972 mg/dl;
normal = 0.8 mM or 1.944 mg/dl; high = 1.6 mM or
3.889 mg/dl) during the experiments (5 days for dif-
ferentiation and 72 h for Treg suppression); b. Effect of
agonists and antagonists of selected Mg channels:
Rocaglamide (TRPM6 agonist) 5 μM (Millipore-Sigma,
Burlington, MA), Mesendogen (TRMP6 antagonist)
10 μM (Aobious, Gloucester, MA), Naltriben (TRPM7
agonist) 50 μM (Millipore-Sigma) or NS8593 (TRPM7
antagonist) 20 μM (Millipore-Sigma) were added to the
wells, in triplicate for the duration indicated above; c.
Effect of siRNA knockdown of selected Mg channels:
1 μM siRNA for TRPM6, TRPM7, MAGT1, or siRNA
control (Dharmacon Accell, Cambridge, UK) was added
to the cells for 72 h prior to starting the differentiation
www.thelancet.com Vol 92 June, 2023
or suppression experiments, and knockdowns
confirmed by qPCR.

Flow cytometry analysis
Spleens were harvested and individually analyzed. Sin-
gle cell suspensions (3 × 106) were stained with
fluorescent-labelled monoclonal antibodies for cell sur-
face antigens and incubated for 10 min at 25 ◦C. For
intracellular staining cells were fixed with Cytofix/
Cytoperm™ (BD Bioscience, San Jose, CA) for 20 min
at 4 ◦C, followed by permeabilization in 1X Perm/
Wash™ solution (BD Bioscience) for 15 min. Fixed cells
were stained with fluorochrome-conjugated antibodies
for 1 h at 4 ◦C in the dark. CD4+CD25+Foxp3+ regu-
latory T cells (Tregs) were stained using anti-CD4-
Vioblue (clone: VIT4), anti-CD25-APC (clone: 4E3),
5
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and anti-Foxp3-PE (clone: 3G3) (all from Miltenyi, Ber-
gisch Gladbach, Germany). Th17 cells were analyzed
using anti-CD4-Pacific blue (clone: RM4-5), and anti-IL-
17-PerCP/Cy5.5 (clone: TC11-18H10.1). Tr1 cells were
identified by anti-CD4-Pacific blue (clone: RM4-5), anti-
CD45RA-PE (clone: 14.8), anti-CD49B-PeCy7 (clone:
DX-5), anti-LAG3-APC (clone: C9B7W), and anti-IL-10-
PerCP/Cy5.5 (clone: JES5-16E3). Lastly, Tfh cells were
stained with anti-CD4-Pacific blue (clone: RM4-5), anti-
CXCR5-biotin-APC (clone 2G8), anti-PD1-PeCy7 (clone:
RMP1-30), anti-BCL6-PE (Clone: IG191E/A8), and anti-
IL-10-PerCP/Cy5.5 (clone: JES5-16E3) (antibodies from
Biolegend or BD Bioscience). At least 50,000 cells were
acquired per sample. All samples were acquired on a BD
LSRII (BD Biosciences) or an Attune (Thermo Fisher)
flow cytometer, and analyzed with De Novo FCS Express
(Pasadena, CA).

Fecal DNA extraction, 16S rDNA amplification,
multiplex sequencing, and metagenomics analyses
DNA extraction buffer (4.3 mM Tris, pH 8; 0.4 mM
EDTA, 43 mM NaCl, 3% v/w SDS, 42% v/v phenol/
chloroform/IAA and 21% v/v QIAquick PM buffer)
containing 400 μL 0.1 mm Zirconia/Silica Beads was
added to fecal samples and the samples were bead-beat
on a BioSpec Mini-Beadbeater-96 for 5 min as previ-
ously described.35 After centrifugation (5 min,
4000 rpm), the ∼400 μL of aqueous layer was mixed
with 650 μL QIAquick PM buffer, and DNA was purified
using the QIAquick 96 PCR Purification Kit (Qiagen).
DNA concentration was determined with the Quant-iT
dsDNA Assay Kit, broad range (Life Technologies) and
normalized to 2 ng/μL on a Beckman liquid handling
robot. Amplicon preparation and sequencing was per-
formed as previously described.36 Briefly, bacterial 16S
rDNA PCR including no template controls were setup in
a separate PCR workstation using dual-indexed primers.
PCR reactions contained 1 μM for each primer, 4 ng
DNA, and Phusion Flash High-Fidelity PCR Master Mix
(Thermo Fisher Scientific). Reactions were run at 98 ◦C
for 30 s, proceeding to 50 cycles at 98 ◦C for 10 s, 45 ◦C
for 30 s, and 72 ◦C for 30 s and a final extension of
2 min at 72 ◦C. Amplicons were evaluated by gel elec-
trophoresis. The sequencing library was prepared by
combining equivalent volume amounts of each ampli-
con, size-selected and concentrated using AMPure XP
beads (0.8X, Beckman). Library concentration was
quantified by Qubit and qPCR, mixed with 15% PhiX,
diluted to 4 pM and subjected to paired-end sequencing
(Reagent Kit V2, 2 × 150bp) on an Illumina MiSeq
sequencer.

Statistics
We calculated that 7–15 mice per treatment group
would be able to detect a 30% reduction in arthritis
scores with an 80%–93% power, and a p ≤ 0.05. Means
were compared with the t-test or paired t-test and
medians with the rank sum test whenever indicated
using GraphPad Prism 6 (San Diego, CA). The arthritis
scores of each treatment group at each time-point dur-
ing the arthritis experiments were compared with the
scores of the other group at the same time point in the
experiment using the t-test or the rank sum test. QPCR
analyses used Ct (threshold cycle) obtained with the
StepOne software v2.3 (Thermo Fisher; primers and
probes on Supplemental Table S2). Ct was adjusted for
Actin in each sample (ΔCt). RelCt (2−ΔCt × 10,000)
values were compared by t-test, and fold differences in
gene expression determined by the 2−ΔΔCt.37

For the microbiome analyses, sequencing fastq files
(average counts for each sample 42,360 ± 10,250) were
analyzed using QIIME2 version 2019.1038 and the
DADA239 denoised-paired plugin with a truncation
length of 150bp and 145bp for the forward and reverse
read, respectively. Amplicon Sequence Variants (ASV)
were classified using the Scikit-Learn plug-in40 using the
Naive Bayes classifiers trained on the silva-132-99-515-
806-nb-classifier. Resulting ASV tables were filtered
using a minimum depth of 5000, a minimal ASV fre-
quency of 10 and minimal sample frequency of 2 and
core metrics were calculated using the Qiime2 core
metrics plugin. Statistical analysis was performed using
LEfSe41 v1.0.8 post1 or Kruskal–Wallis and Wilcoxon as
implemented in R v3.6.1. All plots were generated using
R/ggplot242 or R/pheatmap. Metagenomics functions
were predicted using PICRUSt2.43 We considered sta-
tistically significant the comparisons that had a false
discovery rate (FDR)-corrected p value < 0.05 for on
ANOVA and a Tukey’s post-hoc test p < 0.05.
Results
High Mg diet (Mg2800) significantly reduces joint
inflammation and arthritis severity scores in the
KSIA and CIA models
High Mg diet is protective in KSIA
As early as eight and nine days after the induction of
KSIA, mice treated with Mg2800 (high Mg) diet had
significantly lower arthritis severity scores compared
with Mg500 (normal) diet33,44 (Fig. 1A and B, and
Supplemental Fig. S1A–D). The protective effect per-
sisted through the end of the experiment at day 15 with
a significant reduction in arthritis severity scores
ranging from 20% to 40% (Fig. 1A and B). On histology
the Mg2800 group had a 54% lower synovial inflam-
mation score, and 53% lower synovial hyperplasia on
day nine (Supplemental Fig. S1D), and reduced
inflammation and erosive changes by day 15 (Fig. 1C
and D). Oral Mg is absorbed in the intestines, and non-
absorbed Mg is eliminated with the feces. Absorbed and
excessive Mg is excreted by the kidneys. Mice on the
Mg500 and Mg2800 groups had similar feeding patterns
and had no significant changes in weight (Supplemental
Fig. S2A), and no difference in serum levels of Mg
www.thelancet.com Vol 92 June, 2023
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(Supplemental Fig. S2B), as expected for mice with
normal renal function.

High Mg diet is protective in CIA and reduces erosive joint
damage
To examine the duration of the protective effect of the
high Mg diet (Mg2800), and its effect in erosive joint
changes, we used CIA, which is a chronic and more
erosive model of RA. Mice were placed on a 17-day
Mg2800 diet starting 14 days before the induction of
CIA, and then switched to Mg500 (same control diet
group) and kept on it until the end of the experiment on
day 71 (Fig. 2A). The short duration Mg2800 group was
protected and reached a 61% reduction in arthritis
severity scores compared with control (p = 0.03 at day
42; Fig. 2B). The Mg2800 protective effect persisted
until day 49 (46 days after the discontinuation of the
Mg2800 diet) reaching statistical significance from day
42 through day 49 (Fig. 2B). The joint protective effects
persisted and included preservation of the normal joint
architecture in the Mg2800 group with reduced cartilage
erosions (48%, p = 0.05) and bone erosions (48%,
p = 0.05) compared with controls (Fig. 2C and
Supplemental Fig. S3).

High Mg diet reduced the expression of pro-
inflammatory and chemotaxis genes, while
increasing levels of IL-10
Splenocytes obtained before disease peak (day 6) of
KSIA mice and analyzed by qPCR revealed a significant
reduction in levels of pro-inflammatory cytokines IL-1β,
IL-6, TNFα, and CXCL10 (Fig. 3A–D). Levels of IL-10
Fig. 3: Mg2800 diet significantly affects levels of cytokines and other
and D) Cxcl10 were significantly decreased in the Mg2800 group. E) IL10 w
at a later stage (day 15) of KSIA. G) MMP3 was decreased in the syno
**p ≤ 0.005)).
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were increased in the Mg2800 diet group compared
with controls, and were even higher at later stages of
disease (by day 15) (Fig. 3E and F).

MMP3 expression was decreased in the synovial
tissues of Mg2800 mice in the KSIA model (Fig. 3G).
Dietary Mg content affect the numbers of T cell
subsets
KSIA mice on the Mg2800 diet had a lower number of
IL17GFP+ cells compared with control Mg500 at on day
6 (33.49%; p = 0.03; Fig. 4A). At day 6 there was also a
nearly six-fold increase in the numbers of CD4+Foxp3+
Treg cells compared with the Mg500 diet (average 22.05
versus 3.29; p = 0.03; Fig. 4B). At day 15 numbers of
Foxp3+ Treg cells remained two-fold higher than in the
Mg500 group (Fig. 4C; see Supplemental Fig. S4 for
gating strategies).

The Mg2800 group also had a nearly two-fold in-
crease in numbers of CD4+IL10+ cells at day 6 (p = 0.03;
Fig. 4D), with numbers persisting elevated by day 15
(p < 0.05; Fig. 4E). A subset of the CD4+IL10+ express-
ing Foxp3 was also expanded in the Mg2800 diet group
at both days 6 and 15 (p = 0.02 and p = 0.001, respec-
tively; Fig. 4F and G).

We identified a subset of the Tfh cells expressing
IL10 that was expanded in the Mg2800 diet at both the
early stage day 9 and later stage day 15 in KSIA (Fig. 4H
and I). These IL10+ cells have been recently described as
Tfh with regulatory properties (Tfr).45,46 Numbers of Tfh
(CD4+CXCR5+PD1+BCL6+) cells were not affected by
the Mg2800 diet (data not shown).
inflammatory mediators (qPCR). Levels of A) IL1β, B) IL6, C) Tnfα,
as increased in the Mg2800 diet at an early time point (day 6) and F)
vium of Mg2800 group (data shown as mean ± SEM; (*p ≤ 0.04;
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Fig. 4: Early and sustained effect of the Mg2800 diet on T cell subsets. The Mg2800 diet group with KSIA had the following changes in
splenocyte T cell subpopulations: A) reduced percentage of GFP+IL17+ cells; B) increased percentage of CD4+Foxp3+ T cells on day 6; C)
CD4+Foxp3+ cells remained increased at day 15; D) Increased percentage of CD4+IL10+ at day 6 and E) at day 15; F) CD4+Foxp3+IL10+ cells
were increased at day 6; G) and remained increased at day 15; H) Tfh IL10+ cells were increased at day 9 and I) day 15; J) Increase in Tr1 IL10+
cells on day 9 (results shown as mean ± SEM; *p ≤ 0.03; **p = 0.001); K) Numbers of Tr1 IL10+ remained increased at day 15, but that
difference did not reach statistical significance.
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Fig. 5: Recipients of fecal material transplantation (FMT) from the Mg2800 diet group were protected in KSIA. A) Timeline, with day
0 being the first day of the FMT (ATB = antibiotic); B) Fecal DNA qPCR for Bacteroidis fragilis (Bfrag) and Eubacteria (Eub) confirming bacteria
depletion following antibiotics (D0); C) Arthritis severity scores are significantly decreased in recipients of FMT from Mg2800 diet group (n = 7),
compared with the Mg500 group (n = 9); D) Representative histology images showing that recipients of FMT from Mg2800-treated mice
preserved near normal structures while recipients from Mg500 transplantation had erosive changes with pronounced synovial hyperplasia,
cellular infiltrate and angiogenesis (left panels are lower magnification, and box area are magnified on the right panels; day 12, H&E, size
bars = 500 μM and 250 μM); E) Histology scoring revealed significantly reduced synovial inflammation, reduced synovial hyperplasia, and
reduced cartilage and bone erosions in recipients (Mg2800: n = 7, Mg500: n = 9; **p < 0.007).

Articles
IL10+Tr1 cells were also increased in splenocytes
from the Mg2800 group at day 9 (Fig. 4J). By day 15,
when KSIA is starting its resolution phase, numbers of
IL10+Tr1 were increased in both diet groups. While
mean percentage of IL10+Tr1 cells was still higher in
the Mg2800 group, the difference was no longer statis-
tically significant (Fig. 4K). This observation raised the
possibility that IL10+Tr1 cell may have an important
role in the resolution of KSIA and that the Mg2800
diet induced an earlier increase in their numbers.
CD4-IL10+ cells were not significantly different between
the groups (data not shown).

We also examined the effect of the Mg diets on
percentages of different splenocyte cell populations in
naïve C57BL/6 mice. Percentages of T cells sub-
populations (Supplemental Fig. S5A–F), CD19+ B cells
www.thelancet.com Vol 92 June, 2023
(Supplemental Fig. S5G and H), and IL10-producing
cells (Supplemental Fig. S5I) were not significantly
different between the two diet groups, suggesting a
more pronounced effect of the Mg2800 diet in the
context of inflammation. However, there was a trend
towards increasing numbers of IL10+Tr1 cells in the
Mg2800 group (Supplemental Fig. S5F; not significant).

In vitro changes in the Mg concentration, or
interference with selected Mg channels did not
affect CD4+ naïve T cell differentiation into Foxp3+
Treg or other T cell subsets
We next examined the role of changes on extracellular
Mg concentrations in vitro differentiation of CD4+ naïve
T cells into different cell subsets. Increased concentra-
tions of Mg had no significant effect on the in vitro
9

www.thelancet.com/digital-health


Articles

10
differentiation of naïve T cells into Treg, Th17, Tr1, or
Tfh cells (data not shown). We also examined the role of
specific Mg channels on the differentiation of naïve
T cells into T cell subsets using siRNA gene silencing
(TRPM6, TRPM7, or MAGT1), or treatment with ago-
nists or antagonists of TRPM6 and TRPM7. None of
these treatments induced significant changes in naïve
T cell differentiation into T cells subset (data not
shown).

Fecal microbiota transplant (FMT) from donor mice
receiving Mg2800 diet transfers arthritis
protection and increases numbers of Foxp3+ Treg
cells in recipient mice
To determine whether the high Mg diet-induced
changes in arthritis severity and on T cell subsets was
dependent on the intestinal microbiota we conducted a
FMT experiment (Fig. 5A). Fecal material was collected
from healthy mice that had received either Mg500 or
Mg2800 diets for 14 days. Recipient mice were treated
with antibiotics given by daily oral gavage for five days.
Antibiotic treatment significantly depleted levels of
bacteria, followed by bacteria repopulation after FMT
(Fig. 5B).

Recipients of FMT from mice treated with Mg2800
diet had a nearly 50% reduction in arthritis severity by
day 12 of KSIA (p = 0.04; Fig. 5C), which was similar to
the effect observed in the diet experiment (Fig. 1B). The
Mg2800 FMT recipients also had reduced synovial
inflammation, reduced synovial hyperplasia, and
reduced cartilage and bone erosions (53% or greater
reduction; p < 0.007) on histology (Fig. 5D and E).

Recipients of FMT from Mg2800 had increased
percentage of splenic Foxp3+ Treg cells (Fig. 6A,
p = 0.002; for gating strategies see Supplemental
Fig. S4), and increased percentage of Tr1 cells
(p = 0.02; Fig. 6B), matching the changes seen in KSIA
Fig. 6: Recipients of FMT from the Mg2800 diet group have increased
of Foxp3+ Treg cells in recipients of FMT from Mg2800 groups compared
the FMT recipients of the Mg2800 group (**p = 0.02 (results shown as
mice that had received the Mg2800 diet (Fig. 4B and J,
respectively).

We next examined the intestines and detected
increased numbers of Foxp3+ cells in the colonic villi of
recipients from Mg2800 FMT (p = 0.01, Mg2800 versus
Mg500; Fig. 7), but not in the small intestine (data not
shown).

High Mg diet alters intestinal microbiota
associated with Th17 and Treg cell differentiation
Based on the similarities of changes observed in the Mg
diet and the respective FMT recipient in arthritis and
T cell subsets we hypothesized that the high Mg diet was
affecting the intestinal microbiota. Fecal bacterial DNA
was examined with 16S rDNA amplification and
sequencing. Alpha diversity profiles were similar in both
groups before the initiation of the Mg diets (day 14),
while on the diet (day zero) and at the end of the KSIA
arthritis experiment (day 15) (Supplemental Fig. S6A).

The LDA (Linear Discriminant Analysis) effect size
(LEfSe) analysis was used to identify differences in bac-
teria representation between the two diet groups using
relative abundances. On the day of arthritis induction (day
0), 24 clades were significantly different between the two
diets, where 8 clades were higher in the Mg500 group and
16 clades were more abundant in the Mg2800 group
(Fig. 8A). On day 15, twenty-nine clades were significantly
different where 15 clades had increased representation in
the Mg500 group and 14 were more abundant in the
Mg2800 group (Fig. 8B). There were specific groups of
bacteria that remained differentially represented both at
day 0 and day 15 in each diet group, with four in the
Mg500, and eight in the Mg2800 group (Fig. 8A and B,
marked in bold red and blue, respectively).

We analyzed the bacterial composition and the in-
dividual bacterial counts/levels according to diet. At day
0, after the mice had received the diets for 14 days, but
numbers of Foxp3+ Treg and IL10+ Tr1 cells. A) Increased numbers
with Mg500 (*p = 0.002); B) Increased numbers of IL10+ Tr1 cells in
mean ± SEM)).
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Fig. 7: Increased numbers of Foxp3+ cells in the colon of recipients of FMT from Mg2800 group in KSIA. A) Histologic analyses and
counting of numbers of Foxp3+ cells per mm2 on H&E-stained slides counter stained with Foxp3 immunoperoxidase (scored 10 fields per slide,
shown as Mean ± SEM; *p = 0.01); Representative slides of the colon of recipients of FMT from the B) Mg500 and C) Mg2800 groups; arrows
indicate Foxp3+ cells (size bars = 50 μM).

Articles
before the induction of KSIA, twenty six bacteria counts
were different between the two diets. Eight were
increased in Mg2800 (Supplemental Fig. S7A–H) and
eighteen were increased in Mg500 (Supplemental
Fig. S7I–Z), all belonging to the Firmicutes-Clostridia.

At day 15, after the mice had established arthritis,
fourteen bacteria families were significantly different, six
increased in Mg2800 (Supplemental Fig. S8A–F) all
belonging to the Firmicutes-Clostridia, and eight increased
in Mg500 (Supplemental Fig. S8G–O), and most from
Firmicutes-Clostridia (Supplemental Fig. S8G–L), in addi-
tion to one Bacteriodetes-Bacteroidia (Supplemental
Fig. S8M), and one Actinobacteria-Coriobacterilia
(Supplemental Fig. S8N).
Fig. 8: Linear discriminant analysis (LDA) effect size (LEfSe) analysis o
Specific phylotypes of gut bacteria in response to Mg diet using LEfSe. The
the clades levels. The colors represent the group where the taxa wa
blue = Mg2800). A) day 0 and B) day 15. Bold font marks bacteria persist
group (blue).

www.thelancet.com Vol 92 June, 2023
Eleven bacteria families remained significantly
differentially represented at both days 0 and 15, and
therefore were considered to be of potential greater
relevance to the long-term effect of the diets in arthritis
severity. These bacteria included different Clostridia
(Supplemental Fig. S9A–D for Mg2800, and
Supplemental Fig. S9F–J for Mg500), Actinobacteria
(Supplemental Fig. S9E), and Bacteroidia (Supplemental
Fig. S9K).

FMT modulate gut microbiota composition in
recipient mice
We next examined the bacterial composition of the
recipient mice following FMT. Relative abundance
f gut microbiota changes following the Mg500 or Mg2800 diets.
histogram shows the significant LDA scores computed for features at
s more abundant compared to the other group (red = Mg500,
ently more abundant in the Mg500 group (red), and in the Mg2800
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Fig. 9: Variations in Relative abundance and alpha diversity of gut microbiome in recipients of the FMT from animals fed Mg500 or
Mg2800 diets. A) Mice originally displaying similar microbiome relative abundance (day 5). The relative abundance was significantly
diminished after antibiotic treatment (day 0). B) Alpha diversity (Faith’s PD) is reduced after antibiotics (day 0) but recovers following FMT
repopulation (day 12). C) Linear discriminant analysis (LDA) effect size (LEfSe) analysis of fecal microbiota changes following FMT of Mg500 (red
bars) or Mg2800 (blue bars) derived stool revealed increased representation of specific phylotypes of gut bacteria for each group. The histogram
shows the LDA scores computed for features at the clade level. The colors represent which group the taxa was more abundant compared to the
other group (p values range from 0.0000832 to 0.0492). Shown in bold red are Prevotellaceae, which were increased in the recipients of FMT
from the Mg500 group (C and D) and Bacterioides, which were increased in recipients of FMT from the Mg2800 group (C and E).
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analysis showed that before antibiotics or diets the
microbiota composition (Fig. 9A) and alpha diversity
(Fig. 9B; day 5) were similar and that antibiotic treat-
ment depleted most of the fecal microbiota in both
groups (Fig. 9A and B; day 0). FMT from the two Mg
diet groups reconstituted the intestinal microbiome di-
versity (Fig. 9A and B; day 12). 15 clades were signifi-
cantly altered in the two groups at day 12 (after FMT),
with 8 clades with increased abundance in the Mg500
and 7 in the Mg2800 (Fig. 9C).

The Prevotellaceae family (Alloprevotella genera) was
the most significantly overrepresented family in the re-
cipients of FMT from regular Mg500, while their levels
were reduced in recipients of FMT from the Mg2800
group (Fig. 9A, day 12; Fig. 9C and D). The recipients of
Mg2800 FMT had increased levels of Bacterioides,
Bacteroidaceae (Fig. 9C and E) among others (Fig. 9A
and C). No significant difference was detected in levels
of SFB (Candidatus Arthromitus) following FMT from
Mg2800 (Supplemental Fig. S6B).

Metagenomic function analyses reveals increased L-
tryptophan biosynthesis and others processes in
the high Mg group
Metagenomic analyses identified 313 pathways, en-
zymes or processes differentially represented or regu-
lated between the microbiome of Mg2800 and Mg500
diets (Supplemental Table S3). Of these, 271 had
significantly increased representation in the Mg2800
FMT recipients, including a) superpathway of L-tryp-
tophan biosynthesis, b) tryptophanase, c) L-methionine
biosynthesis, d) transcriptional regulator, propionate
catabolism operon regulatory protein, e) mannan
degradation, f) mannuronate biosynthesis, g) propio-
nate catabolism, h) arginine deiminase, and others
(Table 1; Supplemental Table S4). 42 had decreased
www.thelancet.com Vol 92 June, 2023
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Fig. 10: Male and female IL-10 KO mice are not protected by the Mg2800 diet. A–C) The Mg2800 diet was protective in wild-type (WT)
C57BL/6 mice, but was not protective in the IL10 KO mice. The IL10 KO mice on the Mg2800 diet developed arthritis as severe as those of the
WT and IL10 KO mice receiving the Mg500 diet (7 females and 8 males per group); D) The Mg2800 diet group was associated with reduced
numbers of IL17+ cells both in WT and E) but not in the IL10 KO mice; F) CD4+Foxp3+ cells were increased in the Mg2800 diet in WT mice; G)
but not in the IL10 KO (*p ≤ 0.015, **p ≤ 0.009; ***p ≤ 0.0001 shown as mean ± SEM).
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abundance in recipients of Mg2800 FMT and included
a) super pathway of arginine and polyamine biosyn-
thesis, b) superpathway of heme biosynthesis from
glycine, and c) superpathway of L-lysine, L-threonine,
and L-methionine biosynthesis I (Table 1;
Supplemental Table S3).

Mg2800 diet protective effect disappears in the IL-
10-knockout mice
Given the increased frequency of different types of IL-
10-producing T cells, including CD4+Foxp3+ both in
mice receiving the Mg2800 diet as well as in the re-
cipients of FMT from these mice, we considered that the
Mg2800 diet might mediate its arthritis suppressive
activity via the induction of this cytokine. IL-10 knockout
mice were placed on the Mg diets for 14 days, followed
by the induction of KSIA. IL-10-expressing male and
female wild-type mice receiving the Mg 2800 diet were
consistently protected in the KSIA model. However, the
IL-10 KO mice were not protected by the Mg2800 diet,
and these mice developed arthritis as severe as the mice
receiving the Mg500 diet (Fig. 10A–C). While the wild-
type IL10+ mice receiving the Mg2800 diet had
decreased numbers of IL17+ cells and increased
numbers of CD4+Foxp3+ cells, that was not observed in
the IL-10 KO mice (Fig. 10D–G).
www.thelancet.com Vol 92 June, 2023
Discussion
In the present study, we describe for the first time that
increased dietary intake of Mg (Mg2800), even in the
absence of Mg deficiency, reduces disease severity, joint
inflammation, and joint damage in two different mouse
models of RA. Our studies show that both a continuous
and an intermittent high Mg diet reduce disease
severity. The high Mg diet-induced reduction in arthritis
severity was associated with reduced levels of key in-
flammatory mediators in RA pathogenesis and joint
damage, such as IL-1β, IL-6, TNFα, CXCL10, and
MMP3, and with increased levels of the anti-
inflammatory cytokine IL-10.

The high Mg diet was also associated with increased
numbers of CD4+IL10+ cells, CD4+Foxp3+ Tregs,
CD4+Foxp3+IL10+ Tregs, and IL10+Tfh (Tfr), and
CD4+Foxp3+ Treg cells have been implicated in the
regulation of disease severity in CIA,47 in antibody-
induced arthritis,48 and other autoimmune diseases.49–52

Additionally, numbers of CD4+Foxp3+ Treg cells
strongly correlate with disease remission in RA.53 The
high Mg diet also reduced numbers of pathogenic
Th17 cells implicated in CIA,54,55 and in the regulation of
disease severity in KSIA.56

Here we also discovered a more specific mechanistic
explanation and show that the high Mg diet effect on
13

www.thelancet.com/digital-health


Pathway description ID number p-value Mg2800
abundance

Mg500
abundance

fold
difference

Increased abundance in recipients from Mg2800 FMT

coxM, cutM; aerobic carbon-monoxide dehydrogenase medium subunit [EC:1.2.5.3] K03519 0.0021 1140.86 16.89 67.6

rspA, manD; mannonate dehydratase [EC:4.2.1.8] K08323 0.0022 2196.71 43.33 50.7

rspB; L-gulonate 5-dehydrogenase [EC:1.1.1.380] K08322 0.0010 1663.00 42.33 39.3

phnK; putative phosphonate transport system ATP-binding protein K05781 0.0010 21.50 0.61 35.2

phnM; alpha-D-ribose 1-methylphosphonate 5-triphosphate diphosphatase [EC:3.6.1.63] K06162 0.0010 21.50 0.61 35.2

D-arabinitol dehydrogenase (NADP (+)) EC:1.1.1.287 0.0010 41.86 1.22 34.2

4-hydroxyphenylacetate decarboxylase EC:4.1.1.83 0.0010 125.57 3.67 34.2

asrB; anaerobic sulfite reductase subunit B K16951 0.0013 1273.07 39.03 32.6

Methylmalonate-semialdehyde dehydrogenase (CoA acylating) EC:1.2.1.27 0.0008 588.57 24.33 24.2

mmsA, iolA, ALDH6A1; malonate-semialdehyde dehydrogenase (acetylating)/methylmalonate-
semialdehyde dehydrogenase [EC:1.2.1.18 1.2.1.27]

K00140 0.0008 588.57 24.33 24.2

asrC; anaerobic sulfite reductase subunit C K00385 0.0011 744.50 32.69 22.8

ulaG; L-ascorbate 6-phosphate lactonase [EC:3.1.1.-] K03476 0.0008 1771.64 81.10 21.8

dcyD; D-cysteine desulfhydrase [EC:4.4.1.15] K05396 0.0007 710.57 38.11 18.6

2-deoxy-D-gluconate 3-dehydrogenase EC:1.1.1.125 0.0008 1464.79 133.94 10.9

kduD; 2-dehydro-3-deoxy-D-gluconate 5-dehydrogenase [EC:1.1.1.127] K00065 0.0008 1464.79 133.94 10.9

TC.CITMHS; citrate-Mg2+:H+ or citrate-Ca2+:H+ symporter, CitMHS family K03300 0.0007 143.00 14.22 10.1

prpR; transcriptional regulator, propionate catabolism operon regulatory protein K02688 0.0010 85.14 23.33 3.6

Superpathway of L-tryptophan biosynthesis PWY-6629 0.0023 588.03 181.67 3.2

UDP-2,3-diacetamido-2,3-dideoxy-α-D-mannuronate biosynthesis PWY-7090 0.0004 184.03 67.61 2.7

mannan degradation PWY-7456 0.0001 13612.67 5866.52 2.3

tnaA; tryptophanase [EC:4.1.99.1] K01667 0.0004 2503.02 1191.11 2.1

Acetaldehyde dehydrogenase (acetylating) EC:1.2.1.10 0.0013 7466.29 7069.63 1.1

L-methionine biosynthesis I HOMOSER-METSYN-PWY 0.0018 1377.44 1304.59 1.1

superpathway of S-adenosyl-L-methionine biosynthesis MET-SAM-PWY 0.0016 2072.66 1985.72 1.0

arcA; arginine deiminase [EC:3.5.3.6] K01478 0.0025 1221.59 1182.67 1.0

superpathway of L-methionine biosynthesis (transsulfuration) PWY-5347 0.0015 2973.71 2886.48 1.0

Decreased abundance in recipients from Mg2800 FMT

SCD, desC; stearoyl-CoA desaturase (Delta-9 desaturase) [EC:1.14.19.1] K00507 0.0011 13.71 81.67 −6.0

FAH, fahA; fumarylacetoacetase [EC:3.7.1.2] K01555 0.0010 13.71 81.11 −5.9

FAB2, SSI2, desA1; acyl-[acyl-carrier-protein] desaturase [EC:1.14.19.2 1.14.19.11 1.14.19.26] K03921 0.0010 13.71 81.11 −5.9

K09992; uncharacterized protein K09992 0.0010 13.71 81.11 −5.9

lcyB, crtL1, crtY; lycopene beta-cyclase [EC:5.5.1.19] K06443 0.0010 13.71 81.11 −5.9

Aldehyde dehydrogenase (NADP (+)) EC:1.2.1.4 0.0011 14.29 81.11 −5.7

chlI, bchI; magnesium chelatase subunit I [EC:6.6.1.1] K03405 0.0011 14.29 81.11 −5.7

aldH; NADP-dependent aldehyde dehydrogenase [EC:1.2.1.4] K14519 0.0011 14.29 81.11 −5.7

Magnesium chelatase EC:6.6.1.1 0.0011 14.29 81.11 −5.7

L-tyrosine degradation I TYRFUMCAT-PWY 0.0008 205.67 334.25 −1.6

coaW; type II pantothenate kinase [EC:2.7.1.33] K09680 0.0009 7363.63 9041.14 −1.2

4-hydroxy-2-oxoheptanedioate aldolase EC:4.1.2.52 0.0021 841.86 1023.44 −1.2

Superpathway of heme biosynthesis from glycine PWY-5920 0.0002 2303.94 2707.64 −1.2

coxC, ctaE; cytochrome c oxidase subunit III [EC:1.9.3.1] K02276 0.0002 1290.71 1508.11 −1.2

Superpathway of L-lysine, L-threonine and L-methionine biosynthesis I P4-PWY 0.0018 4131.51 4676.90 −1.1

Superpathway of arginine and polyamine biosynthesis ARG + POLYAMINE-SYN 0.0021 2165.21 2257.81 −1.0

aDay 12 post FMT; ordered according to fold-difference; p-values based on ANOVA; Bold entries represent pathways and processes mentioned in the manuscript.

Table 1: Selected list of abundant metagenomic pathways identified in the FMT recipients (from a list of 313).a
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Foxp3+ Treg cell numbers and in arthritis severity is
mediated by and dependent on IL-10. IL-10 inhibits
several pro-inflammatory cytokines and has been pre-
viously shown to suppress CIA57,58 and other autoim-
mune diseases.49,50 While the KSIA model is
predominantly mediated by the innate immunity, IL-10
is known to also regulate complement59 and neutrophil
activation,60 two central components in the pathogenesis
of KSIA.61,62

The lack of a direct effect of different Mg concen-
trations on naïve T cell in vitro differentiation, com-
bined with similar serum levels of Mg in both
www.thelancet.com Vol 92 June, 2023
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Fig. 11: Summary of the effect of the high Mg diet in arthritis. SCFA = short chain fatty acids; arrow up = increase; arrow down = decrease;
joint image = inflamed and hyperplastic arthritic synovial tissue.

Articles
treatment groups, and with the oral administration of
Mg led to the consideration that the diet effect on
arthritis might be mediated by changes in the intestinal
microbiome. And indeed, FMT from the high Mg diet
mice into antibiotic-treated recipients induced similar
effects as the diet itself in arthritis protection, expan-
sion of Foxp3+ and Foxp3+IL10+ Tregs and
CD4+IL10+ (Tr1) cells. A comprehensive microbiome
analyses revealed significant changes associated with
the diets and with the FMT, demonstrating that the
high Mg groups had an increased levels of bacteria
known to produce elevated levels of intestinal short-
chain fatty acid (SCFA), tryptophan metabolites, and
other bacterial products implicated in the regulation of
immune cells.

Prevotellaceae, particularly Prevotella copri, have
been consistently associated with RA in different pop-
ulations.14,20,63 Similar to RA, the non-protected re-
cipients of FMT from the normal Mg500 diet had
increased levels of Prevotellaceae, while the levels in
the protected recipients of FMT from the high Mg2800
diet were significantly decreased. While the precise
pathways regulated by Prevotella in RA and its role in
susceptibility and/or severity remain incompletely un-
derstood, Prevotellaceae administered to mice can in-
crease the number of colonic Th17 cells and serum
levels of IL-6,64 and also increase arthritis severity in
rodent models,65 similarly to our observations. Pre-
votella has also been associated with reduced levels of
SCFA.66

SCFA are known to induce the differentiation and
expansion of Foxp3+ Tregs,67–69 and recipients of FMT
from high Mg2800 had increased levels of bacteria
associated with increased levels of SCFA such as Alis-
tipes,70 Anaerostipes,71 Bacterioides,71 and Rumino-
coccaceae,71 and correlated with disease protection and
increased number of Foxp3+ Tregs. Bacteroides species
are reduced in RA14,20,63 and were also reduced in
www.thelancet.com Vol 92 June, 2023
recipients of the Mg500 FMT with severe disease, while
numbers were increased in the high Mg2800 diet FMT
recipients. In addition to SCFA, Bacteroides (particu-
larly B. fragilis) produces polysaccharide A (PSA) which
also promotes Treg cells expansion72 and enhances Treg
secretion of IL-10,73 which were two phenomena
observed in this study.

Additional intestinal bacteria can produce increased
levels of SCFA and regulate IL-10-producing T cells74–76

and several of them were detected in increased levels
in the Mg2800 diet group, including Bifidobacterium,74

Clostidieaceae, Eubacterium, and Actinobacteria.66

The differences in fecal bacteria composition be-
tween mice receiving diets and the recipients of FMT
have been reported by other groups and are considered
to be related to the duration of the dietary treatments,
and with the time for microbiome reconstitution.77

FMT was preceded by antibiotic treatment to signifi-
cantly deplete all intestinal bacteria followed by a short
five-day period for the reconstitution of the intestinal
flora, perhaps reducing the diversity and selecting for
those bacteria more likely to thrive and repopulate in a
short period of time. Other studies have also found that
using or not antibiotic treatment prior to FMT did not
increase the overall similarity of the recipient’s
microbiota and the donor’s.77 The same concept applies
to our studies. Yet, the differences in bacterial
engraftment following different dietary Mg content is
of great relevance and of potential applicability for
therapeutics.

Nevertheless, despite the differences in microbiome
representation we still observed similar effects in clin-
ical and immunologic phenotypes in the diet groups and
in the respective recipients of FMT. Both the Mg2800
diet and the FMT recipients shared expansion of bac-
teria known to produce increased levels of SCFA,
providing a unifying explanation for the increased Tregs
and reduced arthritis severity.
15
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The metagenomics analyses identified several path-
ways differentially represented and associated with the
protective effects of the high Mg diet and respective
FMT. “Superpathway of L-tryptophan biosynthesis” is a
pathway of interest as tryptophan and its metabolites
can activate the aryl hydrocarbon receptor to suppress
immune responses,78 and are capable or increasing the
differentiation of Treg cells.79,80 The tryptophan metab-
olite 3-hydroxyanthranillic acid (3-HAA) was reported to
enhance the percentage of Tregs, inhibit Th17 cells, and
ameliorate experimental autoimmune encephalomy-
elitis (EAE).81 A tryptophan deficient diet was protective
in EAE, and was associated with reduced fecal levels of
Prevotellaceae and increased levels of Clostridium,82

similar to changes detected in the present study.
“Superpathway of arginine and polyamine biosyn-
thesis”, present in increased abundance in the Mg2800
FMT recipients, is also of interest as increased levels of
arginine can regulate the balance between T effector
cells and Tregs activity.83,84 “Mannan degradation” in-
volves mannan oligosaccharides, which broadly activate
the immune system including complement and neu-
trophils, two central components in arthritis pathogen-
esis.85 Bacterial-derived “Arginine deiminase” has anti-
inflammatory properties, reducing LPS-induced re-
sponses86 and colitis in mice.87 “Propionate catabolism”

is another important metagenome pathway that was
abundant in the Mg2800 group, and implicated in
SCFA.71,88 Other pathways were differentially repre-
sented in the Mg diets and may lead to new discoveries
and links between the microbiome, immune responses,
and arthritis.

We acknowledge that direct measurement of me-
tabolites in the fecal materials was not done, and this is
something that will be done in future studies in rodents
or in a future trial of Mg in RA patients to confirm and
validate the metagenomic analyses. Additionally, while
we hypothesize that changes in intra-luminal concen-
tration of Mg in the intestines may cause the changes
observed in the microbiome, future studies will be
required to confirm.

In conclusion, we describe for the first time that
increasing Mg intake can have significant effects in
increasing the numbers of Foxp3 Tregs and increasing
levels of IL-10, reducing the expression of pathogenic
cytokines to suppress inflammation and reduce
arthritis severity and joint damage (Fig. 11). We also
showed that these protective findings were dependent
on IL-10, and mediated by the high Mg diet-induced
modifications in the intestinal microbiome, and
included changes that favored the presence of SCFA-
producing bacteria that are typically reduced in RA.
The high Mg diet also reduced levels of Prevotella,
which is associated with RA. To our knowledge this is
the first dietary strategy capable of inducing these
beneficial changes in the intestinal microbiome to
improve arthritis, and has the potential to be useful in
the treatment of different autoimmune and inflamma-
tory diseases.
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