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SUMMARY

Intestinal dysbiosis is prominent in systemic sclerosis (SSc), but it remains un-
known how it contributes to microvascular injury and fibrosis that are hallmarks
of this disease. Trimethylamine (TMA) is generated by the gut microbiome and
in the host converted by flavin-containing monooxygenase (FMO3) into trime-
thylamine N-oxide (TMAO), which has been implicated in chronic cardiovascular
and metabolic diseases. Using cell culture systems and patient biopsies, we
now show that TMAO reprograms skin fibroblasts, vascular endothelial cells,
and adipocytic progenitor cells into myofibroblasts via the putative TMAO recep-
tor protein R-like endoplasmic reticulum kinase (PERK). Remarkably, FMO3 was
detected in skin fibroblasts and its expression stimulated by TGF-1. Moreover,
FMO3 was elevated in SSc skin biopsies and in SSc fibroblasts. A meta-organismal
pathway thus might in SSc link gut microbiome to vascular remodeling and
fibrosis via stromal cell reprogramming, implicating the FMO3-TMAO-PERK
axis in pathogenesis, and as a promising target for therapy.

INTRODUCTION

Systemic sclerosis (SSc) is a poorly understood chronic orphan disease with variable progression, substan-
tial mortality, and no effective therapy (Allanore et al., 2015; Denton and Khanna, 2017). The hallmarks of
SSc are aberrant vascular and immune responses leading to intractable fibrosis (Bhattacharyya et al.,
2012; Distler et al., 2019; Varga and Abraham, 2007). Although the etiology remains unknown, recent
studies suggest a complex interplay of genetic factors and environmental exposures (Angiolilli et al.,
2018). Widespread fibrosis synchronously affecting multiple organs, a distinguishing hallmark of SSc, is
associated with persistent tissue accumulation of myofibroblasts (Hinz and Lagares, 2020). Multiple lines
of evidence suggest that disease-associated myofibroblasts represent a reprogrammed fibrotic cell pop-
ulation originating from tissue-resident mesenchymal progenitors most prominently fibroblasts, vascular
endothelial cells, pericytes and preadipocytes (Pakshir et al., 2020). Endothelial-to-mesenchymal transition
(endoMT), in particular, has received considerable recent attention as the pathomechanistic process link-
ing vasculopathy and fibrosis characteristic of SSc (Manetti et al., 2017; Piera-Velazquez et al., 2016).

The intestinal microbiome plays a fundamental role in shaping immunity, and its dysregulation (dysbiosis) is
increasingly implicated in autoimmune diseases (Belkaid and Hand, 2014; Zhang et al., 2020). Recent studies
have documented prominent intestinal dysbiosis in patients with SSc. However, the direct and indirect con-
tributions of altered gut microbiome to vascular and matrix remodeling and other processes underlying clin-
ical manifestations of SScremain largely unknown (Patrone et al., 2017; Volkmann et al., 2017). Gut microbes
metabolize dietary choline and carnitine, nutrients abundant in Western diet, to generate trimethylamine
(TMA) (Koeth et al., 2013; Wang et al., 2011), which can be converted to trimethylamine N-oxide (TMAQO)
in the host (Organ et al., 2016; Tang et al.,, 2015; Wang et al., 2011). Notably, bacterial taxa enriched in
SSc intestinal microbiota are known to be high TMA producers (Wu et al., 2019). The enzyme responsible
for converting gut microbe-derived TMA to TMAO in the mammalian host is flavin-containing monooxyge-
nase 3 (FMO3), which is expressed primarily in the liver (Bennett et al., 2013; Krueger and Williams, 2005).
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Figure 1. TMAO stimulates fibrotic gene expression in skin fibroblasts

Confluent cultures of normal skin fibroblasts were incubated with indicated concentrations of TMAO and/or TGF-B1 (5 ng/mL) for 48 h.
(A and B) Total RNA was subjected to real-time qPCR; results are means + SEM of three independent determinations (*p < 0.05 versus control; n = 3).
(C) Media were assayed for procollagen la1, fibronectin and TGF-B1 by ELISA. Results are means + SEM of three determinations. (*p < 0.05 versus control;

n=256).

vascular and degenerative diseases, and are increasingly recognized to play a direct pathogenic role in
these chronic conditions (Janeiro et al., 2018; Witkowski et al., 2020).

The effects of TMAO on the hallmark vascular and fibrotic pathomechanisms underlying SSc are not well
known. We demonstrate here that TMAO is a potent stimulus for differentiation of skin fibroblasts, endo-
thelial cells and adipocytic progenitor cells into myofibroblasts. This process is mediated by the cellular
enzyme R-like endoplasmic reticulum kinase (PERK), which binds directly to TMAO (Chen et al., 2019).
We also show that the TMAO-generating enzyme FMO3 is detected and is active in skin fibroblasts and
endothelial cells in vitro and in vivo, and its expression is induced by TGF-B1. Furthermore, FMO3 expres-
sion is elevated in isolated SSc skin fibroblasts and in SSc skin biopsies, where it maps primarily to fibro-
blasts and pericytes. These findings broaden the spectrum of recognized pathogenic activities associated
with TMAO and uncover previously unsuspected effects for this gut microbe-derived metabolite in fibrosis,
potentially implicating the FMO3-TMAO axis in SSc pathogenesis.

RESULTS
TMAO induced myofibroblast differentiation

To investigate the effect of TMAO on mesenchymal cell differentiation, a series of experiments were per-
formed using isolated human cells incubated in media with or without TMAO. In confluent human fibro-
blasts, TMAO induced significant stimulation of COL1A1, COL1A2, ACTA2, and FN-EDA mRNA expres-
sion, accompanied by time- and dose-dependent increase in the secretion of procollagen | and
fibronectin, as well as TGF-B1 (Figure 1). Furthermore, TMAO induced a substantial increase in cellular
F-actin stress fibers and formation of focal adhesions, hallmarks of mature myofibroblasts, in quiescent fi-
broblasts (Figures 2 and S1). These profibrotic effects elicited by TMAO are unlikely to reflect autocrine
fibroblast stimulation via endogenous TGF-B1, because in contrast to exogenous TGF-B1 treatment,
TMAO failed to elicit activation of Smad2 in these cells (Figure S1). Interestingly, the gut microbiome-
derived TMAO metabolic precursor TMA itself also induced activation of PERK and modest fibrotic re-
sponses, albeit only at relative high concentrations (Figure S2), suggesting that exogenous TMA might
be converted to TMAOQ in a fibroblast-autonomous manner.
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Figure 2. TMAO induces myofibroblast transition

(A and B) Confluent skin fibroblasts incubated with TMAO (200 uM) or TGF-B1 (5 ng/mL) for 48 h were immunolabeled with

antibodies to (A) vinculin (green) and F-actin (red); (B) fibronectin-EDA (red). Nuclei were stained with DAPI (blue). Cells were
viewed under an immunofluorescence microscope or a Nikon C2 or A1Si confocal microscope. Representative photomicro-
graphs (right panels). Original magnification 400x. Images were analyzed by ImageJ. *p < 0.05 versus control; n = 3.

Upon injury, vascular endothelial cells characteristically undergo myofibroblast transdifferentiation
through the process of endoMT (Bischoff, 2019). Profibrotic cellular reprogramming via endoMT is partic-
ularly salient to SSc as it represents a mechanism potentially linking the vascular and fibrotic pathologies
characteristic of SSc (Di Benedetto et al., 2021; Jimenez, 2013). In light of the well-recognized vasculopathic
effects of TMAO (Organ et al., 2020; Witkowski et al., 2020), we sought to investigate its effects on micro-
vascular endothelial cell function. Incubation of HMVECs with TMAO markedly suppressed the expression
of endothelial markers VE-cadherin (CDH5) and CD31 (PECAMT) while augmenting the expression of my-
ofibroblast markers COL1A1, ACTA2, SNAI2, and TAGLN (Figures 3A and 3B). In parallel, TMAO signifi-
cantly suppressed the levels of cellular CD31 protein while augmenting the levels of TAGLN and fibronectin
extra-domain A (Figure 3C). Human umbilical vein endothelial cells (HUVECS) treated with TMAO in vitro
displayed comparable changes, accompanied by loss of the characteristic cobblestone morphology
(data not shown).

To identify molecular mechanisms underlying these striking profibrotic endothelial cell responses elicited
by TMAO, RNA was isolated from HMVECs incubated in media with or without TMAO and subjected to
RNA sequencing and genomewide transcriptome analysis followed by gene set enrichment analysis
(GSEA). As shown in Figure 3, treatment of HMVECs with TMAOQO for 48 h induced substantial changes in
gene expression, with upregulation of multiple mesenchymal-associated genes and concomitant suppres-
sion of endothelial genes (Figures 3D and 3E). To understand the potential impact of TMAO on fibrosis-
related epigenetic alterations, we performed unbiased global histone H3 modification analysis. Confluent
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Figure 3. TMAO triggers endothelial-mesenchymal transition
Confluent HMVECs were incubated with TMAQO at the indicated concentrations for 72 h.

(A and B) Total RNA was subjected to real-time gPCR. Results are means + SD of three determinations (*p < 0.05 versus control; n = 3).

(C) Whole cell lysates were subjected to immunoblotting; representative images (left). Results quantified using ImageJ (right) are representative of three
independent experiments (*p < 0.05 versus control; n = 3).

(D and E) RNA-seq analysis. Heatmaps showing expression of mesenchymal (D) and endothelial (E)-related genes in untreated vs. TMAO-treated cells.
(p <0.05;n=3).

HMVECs were incubated with TMAO (50 pM) for 48 h, followed by isolation of histone, binding to assay well
and colorimetric detection of modified histones using EpiQuik multiplex assay kits according to the man-
ufacturer’s instructions.

The results showed significant upregulation in H3K4me3 and other H3 histone methylation marks in TMAO-
treated compared with untreated control endothelial cells (Figure S3). These data suggest that TMAO trig-
gers extensive chromatin remodeling in endothelial cells via modulating distinct histone marks that under-
lies its profibrotic effects.
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Figure 4. TMAO induces mesenchymal transition in adipocytes

Human subcutaneous adipose tissue-derived progenitor cells (ADSCs) were differentiated to adipocytes, and then incubated in differentiation media for
10 days in the presence of TMAO (100 pM) or TGF-B1 (10 ng/mL).

(A) Cells were stained with Oil Red O and counted (100 cells/well).

(B) Whole cell lysates were analyzed by immunoblotting. Representative images.

(C and D) Total RNA was subjected to RT-PCR. Results are representative of three independent experiments. (*p < 0.05 versus control; n = 3: #p<0.05 versus
control+DM; n=3).

Because adipocytic progenitor cells can undergo fibrotic reprogramming into myofibroblasts through the
process of adipocytic-mesenchymal transition (AMT), which had been implicated in dermal fibrosis in SSc
(Marangoni et al., 2015; Varga and Marangoni, 2017), we examined the effect on TMAO on adipocyte dif-
ferentiation. Cultures of human ADSCs were differentiated in vitro into mature adipocytes, identifiable by
their characteristic rounded cell shape and prominent Qil-red-O-positive intracytoplasmic lipid droplets,
and then incubated with TMAO. Treatment with TMAO was associated with changes in cell morphology,
and substantially reduced the numbers of oil red-O-positive cells (Figure 4A). We confirmed that TMAO
had no effect on adipocyte markers in ADSC under ADSC differentiation conditions, when adipocyte
markers (adiponectin, PPAR-gamma and perilipin) are significantly increased in ADSC with the adipocyte
differentiation (Figures 4B and 4C). TMAO caused a marked reduction in adipocyte-specific gene
expression while augmenting the expression of fibrotic genes (Figures 4C and 4D). Collectively, these re-
sults indicate that in distinct human mesenchymal cell populations TMAO promotes myofibroblast
differentiation.

Profibrotic TMAO responses are mediated via PERK

A recent study identified a cellular receptor for TMAO in hepatocytes, where TMAO was shown to induce
the expression of ER stress genes via the endoplasmic reticulum stress kinase (PERK, EIF2AK3) branch of
the unfolded protein response (Chen et al., 2019). TMAO is reported to directly bind to PERK at physiolog-
ically relevant concentrations and to induce FoxO1 transcription factor, a key driver in metabolic syndrome
(Chen et al., 2019). However, the mechanisms underlying the profibrotic effects of TMAO in mesenchymal
cells are unknown. We sought to determine the role of PERK, which has not been directly implicated in
fibrosis, in mediating mesenchymal cell TMAO responses. Incubation of confluent fibroblasts with
TMAO induced a rapid and dose-dependent increase in PERK phosphorylation (Figure 5A). In parallel
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Figure 5. PERK is activated by TMAO to mediate fibrotic responses

(A) Confluent skin fibroblasts were incubated with TMAO for indicated periods, and whole cell lysates were subjected to
immunoblot analysis. Representative images.

(B) Cultures were preincubated in media with GSK 2606414 (10 uM) for 6 h prior to TMAO (200 uM) or thapsigargin
(0.25 pM) for 48 h, followed by gPCR. Results are means + SEM of triplicate determination.

(C and D). Following 48 h incubation, media were harvested and assayed for secreted procollagen la1 and fibronectin-
EDA. Results are means + SD of three determinations. (*p < 0.05 versus controls; n = 3).

(E) Fibroblasts were transfected with PERK siRNA or scrambled control siRNA. After 72 h TMAO (200 uM) was added to the
media for 48 h. Cultures were harvested and total RNA was subjected to gPCR. (*p < 0.05 versus control; n = 3).

experiments, the prototypic fibrotic stimulus TGF-B1 had no detectable effect on PERK activation. TMAO
treatment induced comparable PERK activation in HMVECs that was accompanied by increased Foxo'
expression (Figure 6C). Next, we sought to explore the role of PERK in TMAO-driven endoMT using com-
plementary pharmacological and genetic approaches. Blocking PERK activity using the selective inhibitor
GSK 2606414 abrogated TMAO-dependent stimulation of COLTAT, FN-EDA and TGFBT mRNA expression
and procollagen and fibronectin-EDA production (Figures 5B-5D). RNAi-mediated silencing of PERK in
ECs had a comparable inhibitory effect on TMAO-mediated stimulation of COLTATand ACTA2 (Figure 5E)
and other fibroblast markers while preventing suppression of VE-cadherin (CDH5) and PECAM-1 (CD31)
(Figures 6A and 6B). Of note, the prototypic chemical ER stress inducer thapsigargin had no detectable ef-
fect on TMAO-induced fibrotic responses, suggesting that PERK-mediated TMAO responses were inde-
pendent of ER stress. We next examined the effect of TMAO on endothelial cell migration using
scratch-wound assays. Treatment of confluent HMVECs with TMAO (50 uM) significantly accelerated their
migration over 72 h (Figure 6D). These profibrotic cellular responses to TMAO were prevented by PERK
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Figure 6. PERK deficiency attenuates TMAO-mediated EndoMT

Confluent HMVECs transfected with PERK siRNA or scrambled control siRNA were incubated in media with TMAO (50 uM) for 72 h or indicated periods.
(A and B) Total RNA was subjected to real-time gPCR. Result are means + SEM of triplicate determinations.

(C) Whole cell lysates were used for immunoblotting with antibodies to phospho-PERK, total PERK and Foxo1. Representative images.

(D) Scratch-wound assays. Confluent HMVECs were incubated in media with TMAO (50 pM) and GSK 2606414 (10 uM). Scratch wounds were then created and
cell migration at 48 h was measured. Results are means + SD of three determinations. (*p < 0.05 versus control; n = 3).

inhibition. Together these results unambiguously implicate PERK in mediating the profibrotic effects of
TMAO in mesenchymal cells.

The TMA-converting cellular enzyme FMO3 is expressed in fibroblasts and induced by TGF-1
Generation of TMAO from gut microbiome-derived TMA is catalyzed in the host by FMO3 (Krueger and
Williams, 2005). Although FMO3 is known to be expressed primarily in hepatocytes (Xu et al., 2017), extra-
hepatic expression of FMO3 has also been documented; however, its role remains poorly understood (Jan-
mohamed et al., 2001; Schugar et al., 2017). The expression level of FMO3 and its enzymatic activity, com-
bined with substrate availability, determine organismal TMAO homeostasis in health and disease (Brown
and Hazen, 2015). The human FM O 3 gene promoter harbors a CCAAT/enhancer-binding protein B
(C/EBPB) element that plays a key regulatory role, and its mutation strongly reduces FM O 3 expression,
whereas in genetically engineered mice, FMO3 expression correlates with TMAO levels (Esposito et al.,
2014; Shih etal., 2019). Little is known regarding the expression and regulation of FMO3in fibrotic diseases.
A query of public transcriptome datasets (Figure 7A) revealed significantly upregulated FMO3 mRNA
expression in human skin organ cultures treated with TGF-B1 (Watanabe et al., 2019). Similarly, we found
that in both explanted skin fibroblasts and HMVECs, TGF-B1 augmented FMO3 expression, while levels
of FMO1 remained unchanged (Figures 7B and 7C).

FMO3 expression is elevated in SSc skin cell populations in vivo and in vitro

We next queried published and unpublished skin transcriptome datasets to evaluate FMO3 expression in
SSc (Table 1). Skin fibroblasts that were freshly isolated and flow-sorted from skin biopsies of early-stage
SSc patients (Chadli et al., 2019) showed >4-fold higher levels of FMO3 mRNA compared to control fibro-
blasts (p < 0.05). Analysis of multiple transcriptome datasets (summarized in Table 1) showed elevated
expression of FMO3 in SSc skin biopsies consistent across five independent patient cohorts, with -fold in-
crease ranging from 1.69 to 4.29. As an example, querying a transcriptome dataset of skin biopsies from a
cohort of SSc patients with early-stage disease [Prospective Registry for Early Systemic Sclerosis (PRESS)]
showed that FMO3 expression was 1.78-fold higher compared to healthy controls [GEO: GSE130955]
(Skaug et al., 2020). Skin biopsies from the Genetics versus Environment in Scleroderma Outcome Study
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Figure 7. Inducible expression of FMO3 in skin and elevated levels in SSc

(A). FMO3mRNA is induced by TGF-B1 (10 ng/mL) treatment for 48 h of human skin explants (GSE109350).

(B and C) Confluent dermal fibroblasts (B) or HMVECs (C) were incubated with TGF-B1 (5 ng/mL), and following 48 h incubation, whole cell lysates were
analyzed by immunoblotting (B, right panel), and total RNA was isolated and subjected to real-time qPCR; results are means + SD of three determinations
(left panel).

(D) Skin biopsies from healthy controls (n = 2) and SSc patients (n = 6) were subjected to scRNA-seq analysis. Single-cell gene expression levels for FMO3
across cell clusters.

(E and F) Relative FMO3 and Foxo1 expression in fibroblast and pericyte subpopulations in SSc and healthy control biopsies.

(GENISOS) cohort of 59 SSc patients showed a 2.71-fold increase in FMO3 expression compared to con-
trols [GEO: GSE47162] (Assassi et al., 2013).

By bulk RNA sequencing, we found elevated expression of FMO3 in SSc skin biopsies. To further investi-
gate FMO3 expression in the skin, we performed single-cell RNA-seq analysis on skin biopsies from a
distinct cohort of SSc patients and healthy controls. Unsupervised clustering identified distinct clusters
with their putative cellular identities based on gene expression signatures associated with the correspond-
ing clusters (Tabib et al., 2021). FMO3 gene expression in SSc biopsies mapped primarily to fibroblasts and
pericytes (Figures 7D-7F). Focused analysis identified seven fibroblast subpopulations in the skin, with the
highest proportion of FMO3+ cells in CLDN1+ fibroblasts (Figure S4).

To detect and measure FMO3 protein in the skin, we used immunolabeling of biopsies from SSc patients
and healthy controls (Table 2) using anti-FMO3 antibodies. The numbers of FMO3-immunopositive dermal
cells (predominantly associated with vasculature, as discussed in the following sections) were significantly
elevated in SSc biopsies (Figures 8A and 8B). Vascular FMO3 in these biopsies varied from patchy to exten-
sive and highlighted the outer vessel walls. In addition, FMO3 was detected in perineurial cells (focal to
extensive), occasional deep dermal fibroblastic cells, and in subcutaneous adipocytes. In healthy control
skin biopsies, vascular expression of FMO3 was limited, and perineurial immunostaining was negative. Sub-
cutaneous tissue was not consistently present in healthy controls, precluding rigorous comparisons at this
tissue plane. We next examined the expression of FMO3 in isolated fibroblasts explanted from SSc skin bi-
opsies (Table 3). As shown in Figure 8B, FMO3 was detectable in fibroblasts in culture, and levels were
consistently elevated in SSc compared to healthy control fibroblasts studied in parallel. These results are
in agreement with previous reports showing elevated FMO3 mRNA levels in freshly isolated SSc skin fibro-
blasts. Importantly, we found that intracellular Type | collagen levels in SSc fibroblasts were associated with
FMO3 expression. Comparable results were seen in fibroblasts immunolabeled using procollagen |

8 iScience 25, 104669, July 15, 2022



iScience ¢? CellPress
OPEN ACCESS

Table 1. FMO expression in SSc skin: transcriptome datasets

Source Tissue/Cell Disease Transcriptome type FC p value GEO ID References

Gardet Skin fibroblast Early diffuse SSc RNA microarray 4.29 1.91E-06 N.A. Scientific reports 2019
Lafyatis Skin (Biopsy) DcSSc Bulk RNA seq 1.69 6.96e-03 GSE95065 Unpublished
Skaug/Assassi Skin (Biopsy) Early SSc Bulk RNA seq 1.78 2.07E-12 GSE130955 Ann Rheum Dis 2020
Assassi Skin (Biopsy) ILD in SSc Bulk RNA seq 2.71 1.19E-09 GSE47162 Arthritis Rheum 2013
Gudjonsson Skin (Biopsy) SSc Bulk RNA seq 3.82 4.51E-07 N.A. Unpublished

* SSc: systemic sclerosis.

* dc: diffuse cutaneous.

* |LD: interstitial lung disease.
* FC: fold change.

antibodies. Importantly, SSc fibroblasts showed increased phospho-PERK levels, indicative of constitutive
cell-autonomous activated PERK pathway signaling (Figure 8C). These results indicate that FMO3, the
intracellular enzyme responsible for converting gut-derived TMA to TMAQ in the host, is present in mesen-
chymal cells in the skin and its expression is upregulated by TGF-B1. In SSc, skin biopsies, significant up-
regulation of FMO3 was observed in multiple stromal cell populations, including fibroblasts that show
constitutive FMO3 overexpression associated with PERK activation ex vivo. Together, these observations
suggest that cell-autonomous upregulation of FMO3 in SSc fibroblasts might contribute to their elevated
collagen production underlying fibrosis.

DISCUSSION

The etiology of SSc involves a complex interplay of heritable and environmental factors (Allanore et al.,
2015). However, the mechanisms linking SSc genetic risk variants and environmental exposures with the
hallmark microvascular and fibrotic processes underlying the clinical manifestations of SSc are unknown.
Here, we demonstrate that TMAO, generated in the host via FMO3 from TMA generated in the gut via mi-
crobial metabolism, drives myofibroblast reprogramming of various mesenchymal progenitor cells. These
fibrotic responses, including endothelial cell transition to myofibroblasts, are mediated via activation of
PERK. Moreover, we demonstrate that expression of FMO3 is elevated in mesenchymal cell populations
in SSc skin biopsies, and in isolated SSc skin fibroblasts. Thus, the TMA-FMO3-TMAO axis might represent
a metaorganismal pathway underlying microvascular remodeling and tissue fibrosis in SSc.

Human and animal studies have demonstrated that elevated TMAO is associated with vascular injury and
fibrosis in the heart, kidneys, and other organs (Gupta et al., 2020; Li et al., 2019; Organ et al., 2016; Tang
et al., 2013; Wang et al., 2015; Zhu et al., 2016). However, the pathogenic role, mechanism of action, and
clinical implications of elevated TMAO in the context of SSc have never been studied. Here, we demon-
strate that TMAOQ directly stimulates fibrotic responses in a variety of skin-resident mesenchymal cell pop-
ulations via activation of its putative cellular receptor PERK. Our results show that TMAO induced endoMT
in dermal microvascular endothelial cells and promoted fibroblast differentiation in adipocyte-derived
stem cells.

A hallmark of fibrosis in the skin and other affected organs is accumulation of ECM and activated myofibro-
blasts (Bonnans et al., 2014; Gibb et al., 2020). The origins of the myofibroblasts in fibrosis are not fully un-
derstood (Hinz et al., 2012; Pakshir and Hinz, 2018). Our results show that in microvascular endothelial cells
TMAO directly induces endoMT, with downregulation of endothelial markers. Adipocytes are mesen-
chymal-derived cells which have important endocrine and paracrine effects mediated through adipokines
(Zwick et al., 2018). Skin fibrosis has been linked to loss of dermal adipose tissue (Marangoni et al., 2015).
We and others have described AMT as a process whereby differentiated white adipocytes acquire a myo-
fibroblast phenotype when cultured in the presence of profibrotic stimuli (Marangoni et al., 2015). Our pre-
sent results indicate that treatment with TMAO substantially attenuated adipocytic differentiation of adi-
pocytes, with downregulation PPAR-y, perilipin, FABP4, and concomitant induction of fibrotic genes
(type | collagen, a-SMA, etc.) indicating transition to a myofibroblast phenotype.

The gut microbiome plays important roles in human health and disease, and altered microbiome has been
linked with SSc (Clemente et al., 2012; Manor et al., 2020, Nagatomo and Tang, 2015; Witkowski et al.,
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Table 2. Demographic and clinical features of subjects (skin biopsies used for IHC analysis)

Identifier Age (years)  Sex Race Diagnosis  Disease duration =~ MRS
SPARC_Normal 04 26 Female Hispanic Control N/A N/A
SPARC_Normal 05 26 Male White Control N/A N/A
SPARC_Normal 06 26 Female White Control N/A N/A
SPARC_Normal 07 29 Male African American Control N/A N/A
SPARC_Normal 13 57 Female White Control N/A N/A
SPARC_Normal 14 50 Male White Control N/A N/A
SPARC_Normal 15 32 Female White Control N/A N/A
SPARC_Normal 16 22 Female White Control N/A N/A
SPARC_SSc 29 50 Female  White dcSSc 20 33
SPARC_SSc 32 42 Female White dcSSc 63 23
SPARC_SSc 33 43 Male White dcSSc 15 13
SPARC_SSc 37 63 Female  White dcSSc 13 34
SPARC_SSc 41 43 Female  White dcSSc 16 13
SPARC_SSc 42 62 Male White dcSSc 15 35
SPARC_SSc 43 55 Female  African American ~ dcSSc 1 27

*dcSSc, diffuse cutaneous SSc; MRSS, modified Rodnan skin score (max. 51).

2020). The gut microbiome-derived metabolite TMAO has been shown to be atherogenic in mice and asso-
ciated with major adverse cardiovascular events in humans (Witkowski et al., 2020). In addition, elevated
TMAO is implicated in cardiac and renal fibrosis in mice (Gupta et al., 2020; Zhang et al., 2021). Although
fibroblast activation elicited by TGF-B1, chemokines and other extracellular cues is recognized as an essen-
tial early step in the development of fibrosis, an association between TMAO and myofibroblast differenti-
ation has not been previously demonstrated (Allanore et al., 2015; Angiolilli et al., 2018; Distler et al., 2019,
Sobolewski et al., 2019). A recent study showed that TMAO binds to PERK and selectively activates the
PERK branch of the unfolded protein response (UPR), implicating PERK in TMAO-dependent modulation
of glucose metabolism (Chen et al., 2019). PERK and its downstream targets have been implicated, and
their inhibition has beneficial effects, in diabetes, atherosclerosis, and kidney disease (Chiang et al.,
2011; Choietal., 2016; Masuda et al., 2013; Onat et al., 2019). We found that TMAQO significantly increased
profibrotic gene expression in human foreskin fibroblasts, and these effects are mediated by activation of
cellular PERK (Kumashiro et al., 2011). Although TMAO treatment in mesenchymal cells was associated with
increased TGF-B1 production, the profibrotic effects of TMAO are unlikely to be mediated via endogenous
TGF-B1, because in contrast to exogenous TGF-B1, TMAO failed to elicit activation of Smad2. Treatment of
fibroblasts with TMA—the gut-derived metabolic precursor of TMAO—itself induced activation of PERK
and modest fibrotic responses but only at relatively high concentrations, possibly indicating conversion
to TMAO within FMO3-expressing fibroblasts.

Elevated TMAO levels have a strong association with cardiac and renal tubulointerstitial fibrosis and
contribute to heart failure and chronic kidney disease (Chen et al., 2017; Gupta et al., 2020; Li et al.,
2019; Tang et al., 2015; Zhang et al., 2021). TMAO is generated from dietary factors, such as choline, which
are converted by the gut microbes to TMA, which is in turn converted to TMAO by host FMO3 (Koeth et al.,
2013; Romano et al., 2017; Wang et al., 2011). Fmo3 gene expression is reduced in hepatic oxidative stress
liver injury models (Rudraiah et al., 2014). Numerous roles for FMO3 itself in health and disease have been
suggested in studies using mice. Knockdown of FMO3 in low-density lipoprotein receptor-knockout mice
uncovered a role for FMO3 in glucose and lipid homeostasis (Shih et al., 2015). Hepatic and extrahepatic
expression of FMO3 is variable and has been shown to be altered in a variety of conditions, including insulin
resistance (Miao et al., 2015). Suggested roles for FMO3 include involvement in cholesterol metabolism
and reverse cholesterol transport (Barrett and Kwan, 1985). Our results demonstrate that TGF-B1 induces
FMO3 expression in human foreskin fibroblasts. Individuals harboring nonsense FMO3 mutations exhibit
abnormally low levels of trimethylamine N-oxygenation (Shimizu et al., 2015). Furthermore, previous sin-
gle-cell RNA-seq studies identified FMO expression in dermal fibroblasts (Apostolidis et al., 2018). Of po-
tential significance, previous studies using scRNA-seq of the lung indicated that FMO3 expression was

10 iScience 25, 104669, July 15, 2022



iScience ¢? CellPress

Healthy control SSc

100+

80

* %k k%

FMO3
FMO3-positive cells (%)

9 T
Control SSc

: 5 * 15+ *k .
J 4 £ 26

FMO3/Col1/DAPI
FMO3 intensity
FMO3/COL1A1

] 3

COL1A1 intensity
Colocalization

HC SSc HC  S8Sc

Healthy control SSc

pPERK/DAPI
PPERK" Cells (%)

SSc

Figure 8. TMAO-generating FMO3 is significantly elevated in SSc skin biopsies and isolated fibroblasts

(A). Skin biopsies from healthy controls (n = 8) and SSc patients (n = 7) were immunolabeled with anti-FMO3 antibodies. Left panels, representative images.
White arrows indicate FMO3™ cells around the outer wall of dermal vessels. Bars = 100 pm. Right panel, quantitation of FMO3" cells in the dermis; horizontal
bars, means + SEM (*p < 0.0001). Clinical information shown in Table 2.

(B and C) Confluent skin fibroblasts explanted from SSc (n = 4) and healthy adult control (HC; n = 3) biopsies were immunolabeled using antibodies to FMO3,
Type | collagen and p-PERK. Nuclei were identified by DAPI staining. Representative confocal images. Bar graphs showing immunofluorescence intensities
are means + SEM.

elevated in fibroblasts and other stromal cell populations in IPF (IPF Cell Atlas). Remarkably, fibroblasts
from patients with early-stage SSc show elevated FMO3 levels compared to matched control fibroblasts
(Chadli et al., 2019). In addition, published and unpublished human studies show that FMO3 levels are
increased in skin biopsies from SSc patients (Table 1). Here, we identify fibroblasts and pericytes as the pre-
dominant FMO3-overexpressing cells in SSc skin biopsies, and further map FMO3 expression to the
CLDN1" fibroblast subpopulation. Further studies will be needed to characterize these fibroblasts and
determine their specific roles in the pathogenesis of SSc.

Together, the observations presented here indicate that TMAQO exerts potent profibrotic effects mediated
via PERK-dependent myofibroblast differentiation of skin-resident mesenchymal precursor cells
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Table 3. Demographic and clinical features of subjects of explanted skin fibroblasts used for immunolabeling

SSc biopsy Subject Age (yrs) Sex Diagnosis
SSc 21 49 F dcSSc
SSc 22 51 F dcSSc
SSc 24 69 F dcSSc
SSc 25 45 F dcSSc

*dcSSc, diffuse cutaneous SSc.

(fibroblasts, adipocytes, and endothelial cells). The TMAO-generating enzyme FMO3 is expressed in the
skin and maps to fibroblasts and pericytes. FMO3 expression is significantly elevated in SSc skin and
in isolated SSc fibroblasts, where it is associated with constitutive PERK activation and increased collagen
production. Elevated FMO3 expression and/or activity could conceivably contribute to enhanced TMAO
generation and consequent myofibroblast accumulation and ECM remodeling systemically or in a tis-
sue-restricted manner. This new paradigm potentially integrates dietary factors with host TMAO meta-
bolism via genetic variants of FMO3 and/or its modified expression in a meta-organismal pathway that
drives disease and represents a new potential target for pharmacological disease-modifying therapy for
SSc.

Limitations of the study

There are some limitations of our study. Our present findings demonstrating a profibrotic effect of TMAO
are based on cellular assays. The observed impact of TMAO on promoting myofibroblast transition across
fibroblasts, microvascular endothelial cells, and preadipocytes, notwithstanding whether TMAO exposure
will promote a fibrotic phenotype in animals still remains to be determined. Moreover, although the detec-
tion of FMO3 in skin fibroblasts is interesting, in view of its well-known localization in the liver, we have not
established in the present work if fibroblast FMO3 shows enzymatic activity and is capable of catabolizing
TMA to TMAO comparable to liver FMO3. In addition, the cellular mechanisms responsible for fibrotic re-
sponses downstream of activated PERK in TMAO-treated mesenchymal cells, including specific chromatin
modifications, require detailed elucidation.
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

p-PERK antibody Cell Signaling Cat# 3179; RRID:
AB_2095853

PERK antibody Cell Signaling Cat# 3192: RRID:
AB_2095847

Foxo1 antibody Cell Signaling Cati# 2880; RRID:
AB_2106495

PECAM1 antibody Abcam Cat# ab124432;
RRID: AB_2802125

GAPDH antibody Santa Cruz Cat# sc-47724;
RRID: AB_627678

F-actin antibody Abcam Cat# ab205; RRID:
AB_302794

Vinculin antibody Cell Signaling Cat# 4650; RRID:
AB_10559207

Fibronectin-EDA antibody Eoscience #5F0791

FMO3 antibody Sigma-Aldrich Cat# HPA013750;
RRID: AB_1848968

aSMA antibody Sigma Cat# 5228; RRID:

Collagen type | antibody

Southern Biotech

AB_262054

Cat# 1310-01;
RRID: AB_2753206

Perilipin antibody Abcam Catt# ab61682; RRID:
AB_944751

Adipocyte antibody Abcam Cat# ab26038; RRID:
AB_448968

PPARy antibody Cell Signaling Cat# 2430; RRID:
AB_823599

C/EBPa. antibody Santa Cruz Cat# sc-61; RRID:
AB_631233

Biological samples

Skin biopsy specimens as listed in Table 2

Adult healthy and SSc fibroblasts as listed in Table 2

Chemicals, peptides, and recombinant proteins

TMAO Sigma-Aldrich #317594

TMA Sigma-Aldrich #NMID778

Thapsigargin Sigma-Aldrich #T9033

TGFB1 Pepro Tech #100-21

PERK inhibitor R&D Systems #GSK 2606414

siRNA for PERK Thermo Fisher Scientific #103,593

Experimental models: Cell lines

Neonatal foreskin fibroblasts Explanted in lab

Human microvascular endothelial cells (HMVEC) Lonza #CC-2527
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Continued
REAGENT or RESOURCE SOURCE IDENTIFIER
Human adipose-derived stem cells (ADSCs) Lonza #PT-5006

Oligonucleotides

Col1A1 primer Forward: 5-TGGTGTGCAAGGTCCC-3' Reverse: 5'-CATTCCCTGAAGGCCAG-3'  Integrated DNA N/A
Technologies

ColA2 primer Forward: 5-GAGGGCAACAGCAGGTTCACTTA-3' Reverse: 5-TCAGCACCACCGA  Integrated DNA N/A

TGTCCAA-3' Technologies

aSMA primer Forward: 5'-CAGGGCTGTTTTCCCATCCAT-3' Reverse: 5'-GCCATGTTCTATCGGGT Integrated DNA N/A

ACTTC-3 Technologies

TG-B1 Forward: 5-GCAGCACGTGGAGCTGTA-3' Reverse: 5-CAGCCGGTTGCTGAGGTA-3’ Integrated DNA N/A
Technologies

Fn-EDA primer Forward:5'-TAAAGGACTGGCATTCACTGA-3' Reverse:5'-GTGCAAGGCAACCAC  Integrated DNA N/A

ACTGAC-3 Technologies

CD31 primer Target seq: 5GAGCACCGTGCTGACCTCCAAATACCGTTAAGCTG GAGCCTCGGT  Bio-Rad Laboratories, Inc N/A
GGCCATGCTTCTTGCCCCTTGGGCCTCCCCCCAGCCCCTCCTCCCCTTCCTGCACCCGTACCCC
CGTGGTCTTTGAATA3

CDHS5 primer Target seq: 5’ ATCTCCGCAATAGACAAGGACATAACACCACGAAA CGTGAAGTTC  Bio-Rad Laboratories, Inc N/A
AAATTCATCTTGAATACTGAGAACAACTTTACCCTCACGGATAATCACGATAACACGGCCAACA
TCACAGTCAAGTATGGGCAGTTTGACCGGGAGC3

SNAI primer Target seq: 5CTCCTGAGCTGAGGATCTCTGGTTGTGGTATGACA GGCATGGAGTA Bio-Rad Laboratories, Inc N/A
ACTCTCATAGAGATACGGGGAAATAATCACTGTATGTGTGTCCAGTTCGCTGTAGTTTGGCTTTT
TGGAGGCGTTGAAATGCTTCTTGACCAGGAAGGAGCGCGGCATCTTGCY

TAGLN primer Target seq:5' TGAGGACTATGGGGTCATCAAGACTGACATGTTCC AGACTGTTGA Bio-Rad Laboratories, Inc N/A
CCTCTTTGAAGGCAAAGACATGGCAGCAGTGCAGAGGACCCTGATGGCTTTGGGCAGCTTGGC
AGTGACCAAGAATGATGGGCACTACCGTGGAGATCCCAACTGGTTTATGAAGAAAGCGCAGGA
GCATAAGAGGGAATTCACAGAGAGCCAGCTGCAGGAGGGAAAGCS!

ADIPOQ primer Target seq:5' TGATTTTCTCTAAAATTTCAACAAGTAGCTAAAGTC TGGCTATGCT Bio-Rad Laboratories, Inc N/A
CACAGTCTCACATCTGGTTGGGGTGGGCTCCTTACAGAACACGCTTTCACAGTTACCCTAAACT
CTCTGGGGCAGGGTTATTCCTTTGTGGAACCAGAGGCAZ

PPAR vy primer Target seq:5CACTGTCTGCAAACATATCACAAGAAATGACCATGG TTGACACAG Bio-Rad Laboratories, Inc N/A
AGATGCCATTCTGGCCCACCAACTTTGGGATCAGCTCCGTGGATCTCTCCGTAATGGAAGACC
ACTCCCACTCCTTTGATATCAAGCCCTTCACTACTGTTGA3!

FABP4 primer Target seq:5'GAAAACAACAATATCTTTTTGAACAATATATCCCAC AGAATGTTGT  Bio-Rad Laboratories, Inc N/A
AGAGTTCAATGCGAACTTCAGTCCAGGTCAACGTCCCTTGGCTTATGCTCTCTCATAAACTCTC

GTGGAAGTGACGCCTTTCATGAZ

FMO1 primer Target seq:5GTGTAAATAAGTTACCACCACCAAGTGTCATGATAG AGGAAATTAA Bio-Rad Laboratories, Inc N/A
TGCAAGGAAAGAAAACAAGCCCAGTTGGTTTGGCTTGTGCTACTGCAAGGCTTTACAATCAGAT
TATATCACATACATAGATGAACTCCTGACCTATATCAATGCAAAA3!

FMO3 primer Target seq:5 AAAAGGTTACCATGGGGAAGAAAGTGGCCATCATT GGAGCTGGTG Bio-Rad Laboratories, Inc N/A
TGAGTGGCTTGGCCTCCATCAGGAGCTGTCTGGAAGAGGGGCTGGAGCCCACCTGCTTTGAGA
AGAGCAATGACATTGGGGGCCTGT3'

GAPDH primer Forward 5'-CATGAGAAGTATGACAACAGCCT-3' Reverse 5-AGTCCTTCCACGA  Integrated DNA Technologies N/A
TACCAAAGT-3'

Software and algorithms

Prism GraphPad Software

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the lead contact, John Varga (vargaj@med.umich.edu).
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Materials availability

This study did not generate new unique reagents.

Data and code availability

® Analysis of multiple transcriptome datasets showing elevated expression of FMO3 in SSc skin biopsies
consistent across five independent patient cohorts originate from NCBI GEO (GEO: GSE?95065, GEO:
GSE130955, GEO: GSE47162; summarized in Table 1).

® The paper does not report original codes or reagents. All codes or reagents used in this study are listed
in the Key resources table.

® Any additional information required to reanalyze the data reported in this paper is available from the
lead contact.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell culture and reagents

Fibroblasts were isolated from neonatal foreskin samples and maintained in Dulbecco’s Modified Eagle
Medium (DMEM) with 10% Fetal Bovine Serum (FBS) (Fang et al., 2012). Human microvascular endothelial
cells (HMVEC) (from Lonza, Basel, Switzerland) were maintained in endothelial growth media (EGM-2). Hu-
man adipose-derived stem cells (ADSCs) from Lonza were maintained in ADSC growth medium (Marangoni
et al., 2015). Fibroblasts were also derived from punch skin biopsies from patients with SSc and healthy
adults volunteers by explantation, and used at low passage. For knockdown experiments, confluent fibro-
blasts or HMVECs were transfected with PERK siRNA or scrambled control siRNA for 72 h, and downregu-
lation of cellular PERK was confirmed by immunoblotting. Trimethylamine (TMA), trimethylamine-N-oxide
(TMAO) and thapsigargin were purchased from Sigma-Aldrich (St. Louis, MO, USA). Human TGF-B1 was
purchased from PeproTech (Cranbury, NJ, USA) and the PERK inhibitor AMG PERK44 from R&D Systems
(Minneapolis, MN, USA). siRNA for PERK was from Thermo Fisher Scientific (Waltham, MA, USA).

Quantitative real-time PCR (qPCR)

RNA was isolated from confluent foreskin fibroblasts, HMVEC and ADSCs using Quick-RNA MiniPrep Kit
(Zymo Research, Irvine, CA), reverse transcribed to ¢cDNA and subjected to gPCR (Marangoni et al.,
2015). The primers (Table S1) for collagen 1a1 (Col1a1, encoded to COL1AT), collagen 1A2 (Col1A2, en-
coded by COL1A2), a-smooth muscle actin (aSMA, encoded by ACTA2), transforming growth factor B1
(TGF-B1, encoded by TGFBT), fibronectin containing extra domain A (Fn-EDA), CD31 (PECAMT1), VE-cad-
herin (CDHb), adiponectin (ADIPOQ), peroxisome proliferator-activated receptor y (PPARG), fatty acid-
binding protein 4 (FABP4), FM O 1, FM O 3 and GAPDH were purchased from Bio-Rad (Hercules, CA).
Gene expression levels were normalized with GAPDH and calculated using the 2744 formula (Marangoni
et al., 2015).

Measurement of collagen, fibronectin and TGF-B1 secretion

Fibroblasts were grown in 24-well plates, and at confluence incubated in media with TMAO (50-200 pM) or
TGF-B1(10 ng/mL) for up to 72 h. Levels of procollagen |, fibronectin, and TGF-B1 in the culture media were
determined by ELISA (R&D Systems, Minneapolis, MN). Each experiment was performed in triplicate.

Immunofluorescence confocal microscopy

Healthy control and SSc skin fibroblasts at low passage were seeded on 8-well Lab-Tek Il chamber glass
slides (Nalgene Nunc, Naperville, IL, USA) and incubated in serum-free culture media with 0.1% BSA for
24 h, followed by fresh media with indicated concentrations of TMAQ for 48 h. Cells were fixed, permea-
bilized, and incubated with primary antibodies followed by Alexa-fluor-labelled secondary antibodies
(Invitrogen, Carlsbad, CA, USA). Nuclei were identified using 4,6-diamidino-2-phenylindone (DAPI). Immu-
nofluorescence was evaluated under a Nikon C2 or A1Si confocal microscope.

Immunoblot analysis

Whole cell lysates were subjected to immunoblot analysis using antibodies for phospho-PERK (Thr980; Cell
Signaling, Danvers, MA), FMO3, PERK (Cell Signaling), Foxo1 (Cell Signaling), transgelin (TGLN) (Abcam),
PECAM-1or GAPDH (both from Santa Cruz, Dallas, TX). Electrophoretic bands were detected using
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enhanced chemiluminescence reagents (Pierce Biotechnology, Rockford, IL), and band intensities were
quantified with ImageJ software.

RNA sequencing

Total RNA was isolated from HMVECs treated with or without TMAO for 48 h using RNeasy Mini kits
(QIAGEN). RNA sequencing was performed by the University of Michigan Advanced Genomics Core
and subjected to 150 paired end cycles on the NovaSeq-6000 platform (lllumina). Data were pre-filtered
to remove genes with O counts in all samples. Differential gene expression analysis was performed
using DESeq?2, using a negative binomial generalized linear model (thresholds: linear fold change >1.5
or < -1.5, Benjamini-Hochberg FDR (Padj) < 0.05). Functional analysis, including candidate pathways
activated or inhibited in comparison(s) and GO-term enrichments, was performed using iPathway Guide
(Advaita) (iPathwayGuide).

Cell migration assays

To measure the effect of TMAO on cell migration, HMVECs were plated in 96-well Image Lock Microplates.
When the cultures reached at confluence, scratch wounds were created (Tsou et al., 2021). Media were re-
placed with EGM-2 with 0.1% FBS, with or without TMAO (50 uM), and at indicated times, plates were
placed in IncuCyte (Sartorius, Ann Arbor, MI) to acquire data and images, which were quantified using
the Analysis module in the IncuCyte software (Tsou et al., 2021).

ADSC differentiation assays

Human ADSCs were maintained in growth medium (ADSC-GM; Lonza). At low passage (passage 2-4), cells
were seeded in 12-well plates (1 x 10° cells/well) and incubated in PBM-2 growth medium (Lonza), followed
by adipocyte differentiation medium (PBM-2/PDM; Lonza). At day 10 of differentiation, when the cells have
acquired the characteristic adipocyte morphology with rounded shape and accumulation of prominent in-
tracytoplasmic lipid droplets, TMAO or TGF-B1 was added to the media. After 72 h, cultures were incu-
bated with Oil Red O (Abcam) and visualized by phase-contrast microscopy (Marangoni et al., 2015).

Single-cell RNA-sequencing (scRNA-seq) analysis in skin biopsies

To generate single cell suspensions for single-cell RNA sequencing (scRNA-seq), skin biopsies from pa-
tients with SSc (n = 6) and healthy controls (n = 2) were minced, digested in 0.2% collagenase Il (Life Tech-
nologies) and 0.2% collagenase V (Sigma) for 60 min, and strained through a 70uM mesh. Samples were
analyzed by the University of Michigan Advanced Genomics Core on the 10X Chromium system. Libraries
were sequenced on the lllumina NovaSeq 6000 sequencer to generate 151-bp paired end reads. Adapter
trimming and quality control procedures were performed (Li et al., 2014; Tsoi et al., 2015). The reads were
mapped using STAR (Zhang et al., 2013) to human build GRCh37, and gene expression levels were quan-
tified and normalized by HTSeq (Anders et al., 2015) and DESeq?2 (Love et al., 2014), respectively. Negative
binomial model in DESeg2 were used to conduct differential expression analysis. Data processing
including quality control, read alignment and gene quantification used the 10X Cell Ranger software.
Seurat was used for normalization, data integration, and clustering analysis (Butler et al., 2018).

The R package Seurat (v3.1.2) was used to cluster the cells in the merged matrix. Cells with less than 500
transcripts or 100 genes or more than 1e5 transcripts or 15% of mitochondrial expression were first filtered
out as low-quality cells. The NormalizeData function was used to normalize the expression level for each
cell with default parameters. The FindVariableFeatures function was used to select variable genes with
default parameters. The ScaleData function was used to scale and center the counts in the dataset. Prin-
cipal component analysis (PCA) was performed on variably expressed genes. The RunHarmony function
from the Harmony package was applied to remove potential batch effect among samples processed in
different batches. Uniform Mani-fold Approximation and Projection (UMAP) dimensional reduction was
performed using the RunUMAP function. The clusters were obtained using the FindNeighbors and
FindClusters functions with the resolution set to 0.6. The cluster marker genes were found using the
FindAllMarkers function. The cell types were annotated by overlapping the cluster markers with published
fibroblast markers.
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Skin histology and immunochemistry

Demographic and clinical features of subject donating skin biopsy specimens are listed in Table 1. Four-
micron-thick sections of formalin-fixed, paraffin-embedded biopsy samples were used for immunolabel-
ling (Marangoni et al., 2015). Following antigen retrieval (DAKO Envision Flex Target Retrieval Solution,
low pH), slides were incubated with anti-FMO3 antibodies (rabbit polyclonal, Millipore/Sigma-Aldrich, cat-
alog # HPA013750) at 1:100 dilution for 30 min, followed by HRP-conjugated secondary antibodies, and
visualized with diaminobenzidine substrate, and counterstained with hematoxylin. Immunopositive cells
in the dermis were counted in 3 randomly selected high-power fields (40X) in a blinded manner. One-
way ANOVA was used for statistical significance analysis. Negative controls stained without primary anti-
body were used to confirm specificity.

Quantification of histone H3 modifications

To evaluate histone modifications elicited by TMAO treatment of fibroblasts, Histone H3 Modification as-
says were performed using EpiQuik™ kits from Epigentek (Farmingdale, NY, USA). The multiplex assay kits
measure histone modifications and require cellular histone isolation using EpiQuik™ total histone extrac-
tion kits (Epigentek).

QUANTIFICATION AND STATISTICAL ANALYSIS

Data are presented for each group as mean + S.E.M. For comparison between 2 groups, a two-tailed Stu-
dent's t-test was used. For comparison for three or more groups, a one-way ANOVA and Tukey’s multiple
comparison test was performed. Statistical analysis was performed using GraphPad Prism (La Jolla, CA).
Probability values <0.05 were considered statistically significant.

20 iScience 25, 104669, July 15, 2022

iScience



	ISCI104669_proof_v25i7.pdf
	Gut microbe-derived metabolite trimethylamine N-oxide activates PERK to drive fibrogenic mesenchymal differentiation
	Introduction
	Results
	TMAO induced myofibroblast differentiation
	Profibrotic TMAO responses are mediated via PERK
	The TMA-converting cellular enzyme FMO3 is expressed in fibroblasts and induced by TGF-β1
	FMO3 expression is elevated in SSc skin cell populations in vivo and in vitro

	Discussion
	Limitations of the study

	Supplemental information
	Acknowledgments
	Author contributions
	Declaration of interests
	Inclusion and diversity
	References
	STAR★Methods
	Key resources table
	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Experimental model and subject details
	Cell culture and reagents
	Quantitative real-time PCR (qPCR)
	Measurement of collagen, fibronectin and TGF-β1 secretion
	Immunofluorescence confocal microscopy
	Immunoblot analysis
	RNA sequencing
	Cell migration assays
	ADSC differentiation assays
	Single-cell RNA-sequencing (scRNA-seq) analysis in skin biopsies
	Skin histology and immunochemistry
	Quantification of histone H3 modifications

	Quantification and statistical analysis




