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SUMMARY
Elevation in homocysteine (Hcy) level is associated with insulin resistance; however, the causality between
them and the underlying mechanism remain elusive. Here, we show that Hcy induces insulin resistance
and causes diabetic phenotypes by protein cysteine-homocysteinylation (C-Hcy) of the pro-insulin receptor
(pro-IR). Mechanistically, Hcy reacts and modifies cysteine-825 of pro-IR in the endoplasmic reticulum (ER)
and abrogates the formation of the original disulfide bond. C-Hcy impairs the interaction between pro-IR and
the Furin protease in the Golgi apparatus, thereby hindering the cleavage of pro-IR. In mice, an increase in
Hcy level decreases the mature IR level in various tissues, thereby inducing insulin resistance and the type
2 diabetes phenotype. Furthermore, inhibition of C-Hcy in vivo and in vitro by overexpressing protein disulfide
isomerase rescues the Hcy-induced phenotypes. In conclusion, C-Hcy in the ER can serve as a potential
pharmacological target for developing drugs to prevent insulin resistance and increase insulin sensitivity.
INTRODUCTION

Insulin resistance is a fundamental pathogenic state associated

with various metabolic disorders, including obesity and type 2

diabetes. Several studies have shown that resistance to the

pleiotropic effects of insulin represents a key process in the

development of the disease (Br€uning et al., 1997; Froguel

et al., 1993; Kahn, 1994; Martin et al., 1992); however, the under-

lying molecular mechanisms of insulin resistance are only

partially understood and are heterogeneous in nature. Further-

more, although genetic mutations, including those in INSR,

HNF1A, TRPM6, CAPN10, HMGA1, LIN28a/b, and GLUT4, are

the known causes of rare and severe insulin resistance (Hosoe

et al., 2017; Low et al., 2021; Nair et al., 2012; Chiefari et al.,

2011; Sáez et al., 2008; Wandel et al., 1995; Zhu et al., 2011),

dysregulation of cell metabolism can also lead to insulin resis-

tance in various ways. For example, several clinical studies

have shown that elevated levels of circulating amino acids,

including homocysteine (Hcy) and branched-chain amino acids

(Jang et al., 2016; Wang et al., 2011), and high levels of circu-

lating lipids and free fatty acids (Adiels et al., 2008; Chu et al.,

2013; Wilding, 2007) play important roles in the development

of insulin resistance and are associated with an increased risk

of diabetes.

Hcy is a naturally occurring sulfur-containing amino acid, and

elevation in its level is observed in various diseases (Brustolin
C
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et al., 2010). Patients with type 2 diabetes have significantly

higher plasma Hcy levels (Ala et al., 2017; Joshi et al., 2016;

Meigs et al., 2001). Various studies have also revealed a positive

correlation between Hcy levels and the degree of insulin resis-

tance in patients with hypothyroidism or polycystic ovary syn-

drome (Yang et al., 2015; Yilmaz et al., 2008). However, whether

elevated Hcy level in humans is the cause or consequence of in-

sulin resistance and type 2 diabetes remains controversial (Yang

et al., 2015; Zhang et al., 2018). Several studies have shown that

Hcy elevation is the cause of type 2 diabetes; for example, re-

sults from in vivo and in vitro experiments have shown that eleva-

tion in the Hcy level causes insulin resistance (Li et al., 2008,

2013) and that Hcy-lowering therapy is beneficial for patients

with type 2 diabetes (Elbarbary et al., 2020). However, the cau-

sality between Hcy and insulin resistance is still controversial,

as the underlying mechanism remains elusive so far.

Hcy is a key metabolite of the one-carbon metabolism

pathway. Hcy is generated from the hydrolysis of S-adenosylho-

mocysteine, a methylation product, and cannot be completely

used by cells. Hcy removal is catalyzed by remethylation,

trans-sulfuration, and Hcy-thiolactone (HTL) pathways. Hcy re-

methylation to methionine is catalyzed by the methionine syn-

thase (MTR) (Li et al., 1996), which links the folate cycle with

Hcy metabolism, and the betaine-Hcy methyltransferase

(BHMT) (Sunden et al., 1997), which is mainly expressed in the

liver and kidneys. Hcy trans-sulfuration is facilitated by the action
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of the following two vitamin B6-dependent enzymes: cystathio-

nine b-synthase (CBS) and cystathionine g-lyase (CTH) (Nazki

et al., 2014; Moreover, Hcy could be converted to HTL in a reac-

tion catalyzed bymethionyl-tRNA synthetase (MARS) (Jakubow-

ski, 2019). Interestingly, high levels of Hcy correlated with an

increased risk of insulin resistance and diabetes have been re-

ported in clinical observations. In contrast, methionine and

cysteine have not been reported to be associated with these

phenotypes; although, they are downstream metabolites of

Hcy and are the structural analogs of Hcy (sulfur-containing

amino acid). These facts suggest that Hcy induces insulin resis-

tance by its role in signaling, instead of in metabolism.

We have previously showed that Hcy can modify proteins and

alter their functions, indicating that Hcy is involved in cell

signaling. We observed that Hcy modified the lysine residue of

proteins and signaled by the formation of protein lysine-Hcy

(K-Hcy). K-Hcy inhibited superoxide dismutase 1 (SOD1) and

SOD2 activities and increased the levels of reactive oxygen

species (Mei et al., 2020). In addition, K-Hcy inactivates the

ATR-mediated DNA damage repair pathway, resulting in the

accumulation of DNA damage (Wang et al., 2018). Based on

these observations, we hypothesized that Hcy might regulate in-

sulin signaling through its signal molecular role. In this study, we

investigated the mechanism of how Hcy caused insulin resis-

tance in vitro and in vivo. We observed that instead of lysine-

homocysteinylation, Hcy reacted with the pro-insulin receptor

(pro-IR) at critical cysteine residues to form protein cysteine-

Hcy (C-Hcy). The C-Hcy modification of pro-IR prevented its

interaction with the Furin protease, limiting its cleavage and

maturation and causing insulin resistance.

RESULTS

Hcy causes insulin resistance by decreasing IR
abundance
We first investigated the role of Hcy in insulin signaling in insulin-

sensitive cell lines, including the normal human liver cell line

(LO2) (Geng et al., 2018), human liver cancer cell line (HepG2)

(Gong et al., 2016), mouse skeletal muscle cell line (C2C12)

(Sim et al., 2019), rat cardiac muscle cell line (H9c2) (Zhang

et al., 2014), mouse cardiac muscle cell line (HL-1) (Hartmann

et al., 2016), and Chinese hamster ovary cell line (CHO)

(Hosoe et al., 2017), throughmonitoring glucose uptake and pro-

tein levels of the insulin signaling pathway. We observed that

although treatment of cells with insulin increased the glucose up-

take of cells, an increase in Hcy levels in culture media blocked

the effect of insulin and led to reduced glucose uptake in C2C12

and HL-1 cells (Figure 1A). An assessment of the protein and

phosphorylation levels of insulin signaling pathway proteins re-

vealed that an increase in the Hcy level inhibited this pathway

in both a time- and dose-dependent manner. This result was

indicated by the reduction in the phosphorylation levels of insulin

receptor beta subunit (IR-b), AKT2, and AS160 and decrease in

the protein levels of IR alpha (IR-a) and beta (IR-b) subunits in

HepG2 (Figures 1B and 1C) and HL-1 cells (Figures S1A, S1B,

and S1C). Considering that the relative phosphorylation levels

of IR-b did not change after Hcy treatment (Figures 1B and 1C;

Figures S1A and S1B) and that overexpression of IR rescued
2 Cell Reports 37, 109821, October 12, 2021
the insulin pathway (Figure 1D) and glucose uptake in Hcy-

treated cells (Figure S1D), we concluded that a reduction in

IR-a and IR-b abundance led to insulin resistance when the

Hcy level increased.

The mRNA level of IR was not affected by an elevation in Hcy

level (Figure S1E), excluding the possibility that the levels of

mature IR were regulated at the transcriptional level. Further-

more, treatment of HepG2 cells with the proteasome inhibitor

MG132 or autophagy inhibitor chloroquine did not diminish the

difference in IR-b protein levels between Hcy-treated cells or

normal cells, indicating that Hcy did not alter the degradation

of IR (Figures S1F and S1G). Interestingly, we observed that

the abundance of the precursor of IR (pro-IR) increased in the

Hcy-treated insulin-sensitive cell lines, including LO2, HepG2,

C2C12, H9c2, and HL-1 cells, accompanied by a decrease in

IR-b level (Figure 1E). We also found that Hcy promoted the

elevation in pro-IR levels in a time- and dose-dependent manner

(Figures 1B and 1C). These findings showed that Hcy inhibited

the maturation of pro-IR.

Hcy impairs the maturation of pro-IR and detains pro-IR
in the ER and Golgi apparatus
To investigate the mechanism by which Hcy impaired pro-IR

maturation, we detected the total IR levels in organelles required

for IR maturation, including in the Golgi apparatus and endo-

plasmic reticulum (ER). Using immunostaining in CHO cells, we

observed that total IR accumulated in both the Golgi apparatus

and ER in Hcy-treated cells (Figures 1F and 1G). Meanwhile,

the total IR amount decreased in the cell membrane (Figure 1F).

To further assess the levels of different forms of IR, we checked

IR abundance in the isolated cell membrane, Golgi apparatus,

and ER from LO2 cells treated with or without Hcy. The findings

showed that an increase in Hcy level led to a decrease in mature

IR-b level and an increase in the precursor pro-IR level in the cell

membrane (Figure 1H), Golgi apparatus (Figure 1I), and ER (Fig-

ure 1J). Collectively, these results showed that Hcy inhibited

cleavage, an important process in pro-IR maturation.

Hcy downregulates pro-IR cleavage by cysteine-
homocysteinylation
Unlike Hcy, the addition of methionine, cystathionine, cysteine,

glutathione, or HTL, the downstream metabolites of Hcy, neither

decreased the levels of mature IR-b nor increased the precursor

pro-IR (Figure S2A), suggesting that the pathological effect of

Hcy-induced insulin resistance might not be due to its role in

metabolism. Furthermore, the findings showed that although

HTL did not alter the maturation of pro-IR, it exhibited a signifi-

cant inhibitory effect on the phosphorylation levels of IR-b and

AKT2 (Figure S2A). Consistent with our study, Najib and Sán-

chez-Margalet (2001, 2005) have shown that HTL negatively af-

fects insulin signaling. Taken together, we inferred that Hcy and

HTL could inhibit insulin signaling through different pathways.

We next investigated whether Hcy regulated pro-IR matura-

tion by its role in cell signaling. Our previous studies have

revealed that Hcy participates in cell signaling by lysine-

homocysteinylation of target proteins (Wang et al., 2018).

However, in this study, the overexpression of MARS, which gen-

erates the lysine-homocysteinylation modification, did not alter



Figure 1. Homocysteine (Hcy) causes insulin resistance by impairing the cleavage of the pro-insulin receptor

(A) Glucose uptake in HL-1 and C2C12 cells with various treatments (n = 5 for each group).

(B and C) Hcy inhibits the insulin pathway in both a time-dependent (B) and dose-dependent (C) manner in HepG2 cells (n = 3 biological repeats).

(D) AKT phosphorylation levels of cells after various treatments (n = 3 biological repeats).

(E) The abundance of the pro-insulin receptor (pro-IR) and insulin receptor b (IR-b) in LO2, C2C12, HepG2, HL-1, and H9c2 cells, treated with or without Hcy (n = 3

biological repeats).

(F) Double immunofluorescence staining of the Golgi apparatus and IR in CHO cells (n = 3 biological repeats, scale bars: 10 mM).

(G) Double immunofluorescence staining of ER and IR in CHO cells (n = 3 biological repeats, scale bars: 10 mM).

(H–J) The abundance levels of pro-IR and IR-b in the separated LO2 cell membrane (H), Golgi apparatus (I), and ER (J) (n = 3 biological repeats). Data are

presented as mean ± standard deviation (SD). p values were determined by one-way ANOVA with Bonferroni post hoc test.
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the IR signaling pathway. Therefore, the possibility that protein

lysine-homocysteinylation contributed to the Hcy-mediated

regulation of pro-IR cleavage was excluded (Figure S2B).

Reportedly, Hcy has been shown to modify cysteine residues

in proteins by disulfide bond formation (Glushchenko and Jacob-

sen, 2007). Therefore, we testedwhether Hcy could affect pro-IR

maturation through its thiol group by using the drug affinity

responsive target stability (DARTS) assay. The results showed

that thiol-containing Hcy, but not sulfur-containing methionine

and cystathionine (which acted as the negative controls), could

bind to pro-IR (Figure 2A). Additionally, surface plasmon reso-

nance (SPR) analysis confirmed that Hcy had a higher binding af-

finity to pro-IR than methionine and cystathionine (Figure S2C).

These results suggested that Hcy might react with pro-IR

through its thiol group and thus regulate pro-IR cleavage.

The cleavage of pro-IR consists of the following two steps: one

is correct folding in ER by disulfide bond formation and the other

involves cleavage in the Golgi apparatus by the proprotein con-

vertase Furin for proteins entering the secretory pathway (Gor-

den et al., 1989). As Hcy modified cysteine residues in proteins

by disulfide bond formation (Glushchenko and Jacobsen,

2007), and the oxidative state of ER is suitable for disulfide

bond formation (Haataja et al., 2016; Sevier et al., 2007), we

hypothesized that Hcy could modify the cysteine residues of

pro-IR, disturb the formation of correct disulfide bonds within

pro-IR, and finally impair pro-IR cleavage. To validate this hy-

pothesis, we first screened C-Hcy sites within pro-IR by using

liquid chromatography, followed by tandem mass spectrometry

analysis. Multiple cysteine sites modified by Hcy were identified

(Figure 2B; Figure S2D). Subsequently, using an in vitro assay,

we validated that Hcy modified all the cysteine residues of the

synthetic IR peptides containing each site (Figure 2C; Fig-

ure S2E). To identify the site or sites that contribute to the

response of pro-IR to Hcy levels, we mutated each cysteine to

alanine within pro-IR and tested the response of each of these

mutants to Hcy levels. We observed that the pro-IR C825A

mutant abrogated the ability of Hcy to hinder pro-IR maturation,

as shown by the decrease in IR-b levels and accumulation of pro-

IR (Figure 2D). We also confirmed that Hcy does not modify the

synthetic C825A mutant IR peptide in vitro (Figure 2E). In addi-

tion, the fact that Hcy cannot homocysteinylate the synthetic

IR peptide with the existing C825-C834 disulfide bond confirmed

that Hcy competed for disulfide bond formation by C-Hcy modi-

fication before the correct disulfide bond is formed in the ER (Fig-

ure 2E). Moreover, in the pro-IR C834Amutant that disrupted the

C825-C834 disulfide bond formation, we found that the cleavage

efficiency of pro-IR decreased significantly and no longer re-

sponded to the increased Hcy levels (Figure 2F). These findings

indicate that Hcy reacts andmodifies cysteine-825 of pro-IR and

impairs the cleavage of pro-IR.

Hcy concentration and PDI abundance determine the
formation of the correct disulfide bond in pro-IR
The fact that thiol-containing chemical metabolites can modify

the cysteine residues of proteins in the ER attracted our atten-

tion. We inquired whether free cysteine also impaired pro-IR

maturation and led to insulin resistance by modifying the

cysteine residues of proteins. We observed that although
4 Cell Reports 37, 109821, October 12, 2021
cysteine could modify the cysteine residue of IR in vitro (Fig-

ure S3A), it did not inhibit insulin signal in a similar manner as

Hcy (Figures S3B, S3C, and S3D). Besides, we confirmed that

cysteine and other thiol-containing metabolites, for example,

glutathione, cannot rescue the pro-IR cleavage inhibition

induced by Hcy (Figure S3E). These results suggested that the

disulfide bond between Hcy and pro-IR was stable. It is known

that the protein disulfide isomerase (PDI) family of proteins rec-

tifies the formation of incorrect disulfide bonds in the ER. In

this study, PDI removed both C-Hcy and C-cysteine (C-Cys)

modification of peptides in vitro (Figure 3A), and its efficiency

in removing C-Cys modification was significantly higher than

that of the C-Hcy modification (Figure 3A). Using an in vitro

assay, we further confirmed that the presence of PDI decreased

the efficiency of C-Hcy formation and strongly blocked the

C-Cys formation, compared to the efficiencies of C-Hcy and

C-Cys formation in the absence of PDI (Figure S3F). In cultured

cells, the interactions between PDI and pro-IR were confirmed

using co-immunoprecipitation assays, which were performed

using either exogenous PDI and pro-IR proteins in HepG2 cells

(Figure 3B) or endogenous PDI and pro-IR proteins in LO2 cells

(Figure 3C). We also showed that the C825-Hcy modification

levels of pro-IR were decreased significantly in PDI-overex-

pressing HepG2 cells compared to those of control cells (Fig-

ure 3D). Accordingly, overexpression of PDI in HepG2 cells

reversed the effects of Hcy, including a decrease in IR-b level

in the membrane (Figure 3E) and an increase in pro-IR level in

the Golgi apparatus (Figure 3F) and ER (Figure 3G). Furthermore,

the phenotypes of HepG2 and LO2 cells with PDI knockdown

were similar to those observed after Hcy treatment, including

accumulation of pro-IR, decreased mature IR levels, and inhibi-

tion of insulin signaling (Figure S3G). Collectively, these results

indicated that the equilibrium of the thiol-disulfide exchange re-

action catalyzed by PDI is suitable for cysteine but not for Hcy. In

addition, the results also showed that an increased level of Hcy

competed with disulfide bond formation on pro-IR by the forma-

tion of C-Hcymodification, and this process could be rescued by

enhancing the PDI-catalyzed removal of C-Hcy.

Cysteine-homocysteinylation of pro-IR hinders the
cleavage catalyzed by Furin
Pro-IR is cleaved into IR-a and -b subunits by Furin, a ubiqui-

tously expressed transmembrane protein, which is abundant in

the Golgi apparatus, where it functions to cleave other proteins

into their mature/active forms. Here, we investigated whether

Furin was involved in Hcy-induced pro-IR cleavage deficiency.

First, although an increase in Hcy did not affect Furin abundance

(Figure S3H), it reduced the interactions between Furin and pro-

IR, as indicated by co-immunoprecipitation assays for which we

used either an exogenous protein in HepG2 cells (Figure 3H) or

endogenous proteins in LO2 cells (Figure 3I). Furthermore, using

an in vitro assay, we confirmed that Hcy impaired the interaction

between purified eukaryotic Furin and pro-IR (Figure 3J). These

results indicated that Hcy abrogated pro-IR cleavage by impair-

ing the interaction between Furin and pro-IR. Second, in Hcy-

treated cells, overexpression of Furin did not increase the

production of the mature version of IR-a and -b, which had

been downregulated by Hcy, suggesting that the formation of



Figure 2. Hcy downregulates pro-IR cleavage by cysteine-homocysteinylation

(A) Drug affinity responsive target stability (DARTS) assay showing the binding potential of Hcy, cystathionine, and methionine to pro-IR.

(B) Multiple cysteine sites within pro-IR are identified to be homocysteinylated. The mass spectrum is shown in Figure S2D.

(C) The in vitro assay shows that Hcy modifies cysteine residues of IR identified in the mass spectrum. The purity and sequence of peptides used are provided in

Figure S2E.

(D) The cleavage efficiencies of different IR mutants in HepG2 and HL-1 cells (n = 3 biological repeats).

(E) The in vitro assay shows that Hcy cannot modify the C825 residue when the C825-C834 disulfide bond is formed in the IR peptide (left panel) and the peptide

that mutates C825 to alanine (right panel). The information (purity and sequences) regarding peptides used is provided in Figure S2E.

(F) The cleavage efficiency of IR C834A mutant in HepG2 cells (n = 3 biological repeats).
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the correct disulfide bond was crucial for the cleavage (Fig-

ure S3I). In contrast, Furin knockdown resulted in the accumula-

tion of pro-IR, although the levels of Hcy in the culture medium
did not increase (Figure 3K). Moreover, PDI rescued the Hcy-

mediated inhibition of the insulin pathway; however, it failed to

rescue the insulin pathway in Furin knockdown cells (Figure 3L).
Cell Reports 37, 109821, October 12, 2021 5



Figure 3. Hcy concentration and PDI abundance determine the formation of the correct disulfide bond in pro-IR

(A) The in vitro assay shows PDI is more efficient in removing C-Cys modification than in removing C-Hcy modification.

(B) Co-immunoprecipitation assay showing the interaction of exogenous PDI and exogenous pro-IR in cultured HepG2 cells.

(C) Co-immunoprecipitation assay showing the interaction of endogenous PDI and endogenous pro-IR in cultured LO2 cells.

(D) C825-Hcy modification levels of pro-IR in PDI-overexpression HepG2 and normal HepG2 cells. Data are presented as mean ± SD (n = 2 biological repeats).

(legend continued on next page)
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These findings suggested the important role of Furin in cleavage

of pro-IR into its mature/active forms.

Increased Hcy causes insulin resistance by impairing
pro-IR cleavage in mice
As elevation in Hcy level frequently occurs in humans and is asso-

ciated with various pathologies, we next examined whether an in-

crease in Hcy level induced insulin resistance by blocking pro-IR

cleavage in mice. We fed 6-week-old male mice with either high-

Hcy chow or normal chow. The plasma Hcy concentration in the

Hcy-fed group (19.56 ± 0.95 mmol/L) increased by 30%,

compared to that in the normal chow-fed group (14.96 ±

1.04 mmol/L) (Figure 4A). After mice fed for 4 months (Figures

S4A–S4F), the fasting blood glucose levels of male mice in the

Hcy-fed group were significantly higher than those of the male

mice in the control group (Figure 4B). Glucose tolerance tests

(GTTs) and insulin tolerance tests (ITTs) revealed that high levels

of Hcy impaired glucose tolerance (Figure 4C) and insulin sensi-

tivity inmice (Figure 4D). Furthermore, concordantwith the clinical

symptoms that the patients with insulin resistance exhibit

increased fasting blood insulin, we observed that increased levels

of fasting pro-insulin, fasting insulin, and fastingC-peptide inHcy-

fed mice caused insulin resistance by using the enzyme-linked

immunosorbent assay (ELISA) and western blotting (Figures

S4G and S4H). Next, we analyzed the insulin signaling status in

mouse tissue. We observed that the IR-b level decreased in the

tissues of mice (including muscle, adipose, and liver) of the

Hcy-fed group compared to that in the normal-chow-fed group

(Figure 4E). Although the pro-IR levels did not increase signifi-

cantly in tissues from Hcy-high mice (Figure 4E), the ratio of IR-

b to pro-IR decreased considerably (Figure 4F), indicating that

pro-IR maturation was impaired in tissues of Hcy-fed mice. We

also verified that compared to that in normal-chow-fed mice, IR

phosphorylation did not respond to insulin stimulation in insulin-

sensitive tissues of Hcy-fed mice because of a considerable

decrease in the amount of mature IR-b (Figure 4G).

Inhibition of cysteine-homocysteinylation refreshes the
insulin signal
As PDI was able to remove C-Hcy modification on pro-IR and

activate the IR signal (see Figure 3), we next investigatedwhether

inhibition of C-Hcy formation could refresh the insulin signal in

the mouse model. First, we overexpressed PDI in muscle, adi-

pose, and liver tissues ofmice through local or tail injection of ad-

eno-associated virus (AAV)-PDI. The GTTs and ITTs revealed

that in the Hcy-fed mouse model, overexpression of PDI in these

tissues (muscle: Figures 5A, 5B, and 5C; adipose: Figures 5D,

5E, and 5F; and liver: Figures 5G, 5H, and 5I) was able to partially

rescue the insulin tolerance and sensitivity that were impaired by
(E–G) The abundance of pro-IR and IR-b in the cell membrane (E), Golgi apparatus

and control cells treated with or without Hcy.

(H) Co-immunoprecipitation assay showing the interaction of exogenous Furin a

(I) Co-immunoprecipitation assay showing the interaction of endogenous Furin a

(J) The interaction between eukaryotic purified Furin and pro-IR in vitro.

(K) The abundance of pro-IR and IR-b in HepG2 cells with Furin knockdown and

(L) The abundance of pro-IR and IR-b in HepG2 and control cells with Furin knockd

Figures 3B, 3C, 3E, 3F, 3G, 3H, 3I, 3J, 3K, and 3L.
high levels of Hcy. As shown in Figure 4, increased Hcy impaired

insulin signaling in various tissues, including muscle, liver, and

adipose tissues. Taken together, it can be inferred that IR levels

in these tissues play non-negligible roles in insulin resistance.

Accordingly, in the Hcy-fed mouse model, we found that global

overexpression of PDI in mice through intravenous injection of

AAV-PDI by the tail was able to rescue all the phenotypes

induced by Hcy, including glucose tolerance (Figure 5J) and in-

sulin tolerance (Figure 5K), increase in fasting blood glucose

level (Figure S5A), and decrease in IR-b level in insulin-sensitive

tissues (Figure 5L). We also validated those findings in the Hcy-

fed mouse model; increased IR abundance through intravenous

injection of AAV-INSR by the tail could rescue all the phenotypes

induced by Hcy (Figures S5B and S5C). Taken together, our find-

ings revealed that Hcy could inhibit the pro-IR maturation by the

formation of C-Hcy and inhibition of cysteine-homocysteinyla-

tion could refresh the insulin signal (Figure 5M).

DISCUSSION

Elevation in Hcy levels is associated with important cellular phe-

notypes and many diseases, although its pathological role is not

clearly understood. Although many studies have reported that

an increase in Hcy levels predicts the onset of diabetes or is

observed in patients with diabetes, some studies have suggested

that Hcy elevation was the result of insulin resistance. Therefore,

the causality betweenHcy and insulin resistance is a controversial

point. Furthermore, the elevation of Hcy level correlates with

certain important cellular phenotypes, including the increase in

reactive oxygen species level (Mei et al., 2020) and DNA damage

(Wang et al., 2018), and several diseases, including birth defects

(Wang et al., 2017; Zhao et al., 2012, 2013, 2014), various kinds of

cancers (Liu et al., 2018; Tastekin et al., 2015; Wang et al., 2018),

cardiovascular diseases (McCully, 2015), and neurodegenerative

diseases (Moretti and Caruso, 2019). Taken together, although

Hcy is known as a ‘‘universal’’ causative metabolite, which has

been associated with the onset of various diseases for a long

time, progress in determining the pathological role of Hcy was

limited because of a lack of knowledge regarding the mechanism

by which Hcy induced these diseases. In this study, we observed

that Hcy reacted with pro-IR at critical cysteine residues to form

C-Hcy. Using in vitro assays, cultured cells, and a mouse model,

we found that the C-Hcy modification of pro-IR prevents its inter-

action with the Furin protease, limiting its cleavage and matura-

tion and causing insulin resistance. Altogether, this study provides

a mechanistic explanation for the link between an elevated Hcy

level and insulin resistance.

In cells, Hcy modifies the cysteine residues of proteins spon-

taneously in a non-enzymatic manner. The C-Hcy modification
(F), and endoplasmic reticulum (ER) (G) from PDI-overexpressing HepG2 cells

nd pro-IR in cultured HepG2 cells treated with or without Hcy.

nd pro-IR in cultured LO2 cells treated with or without Hcy.

control cells.

own, transfected with or without PDI. Three biological replicates were used for
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Figure 4. Increased Hcy causes insulin resistance by impairing pro-IR cleavage in mice

(A–D) Hcy (n = 10 for each group) (A), fasting blood glucose (B), glucose tolerance test (GTT) (C), and insulin tolerance test (ITT) (D) levels in mice fed with high-Hcy

chow or normal chow (n = 6 for each group in B, C, and D).

(E) The levels of pro-IR and IR-b in various tissues of mice fed either high-Hcy chow or normal chow.

(F) The ratio of IR-b to pro-IR indicating the cleavage efficiency of pro-IR in various tissues of mice fed either high-Hcy chow or normal chow (n = 3 for each group).

(G) The phosphorylation and expression levels of IR in various tissues of mice fed either high-Hcy chow or normal chow. Data are presented as mean ± SD. *p <

0.05, **p < 0.01, ***p < 0.001 versus the control group according to Student’s t test. For GTT and ITT, two-way ANOVAwithmultiple comparisons were performed

for statistical analyses.
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occursmainly in the ER because of the latter’s oxidative state. As

a result, Hcy affects many proteins that participate in disulfide-

bond-mediated processes in the ER by C-Hcy modification.

We also confirmed that Hcy affected Notch1 and IGF1R, which

are other kinds of membrane proteins involved in disulfide-

bond-mediated processes in the ER. An increase in the Hcy level

in HL-1 cells reducedmature Notch1 levels, whereas it increased

Notch1 precursor levels (Figure S5D). Furthermore, an increased

Hcy level in HEK293T cells also increased pro-IGF1R and

decreased mature IGF1R levels (Figure S5E).

Interestingly, responders can sense intracellular Hcy by

different protein post-translational modifications. With the

exception of the dynamically changing levels of Hcy, the protein

lysine-homocysteinylation levels can be determined from the

modification catalyzed by MARS. In contrast, protein C-Hcy

levels were determined from the de-modification process cata-

lyzed by PDI but not from themodification process. These obser-
8 Cell Reports 37, 109821, October 12, 2021
vations suggested that different upstream signals participate in

generating the Hcy signal. Lysine-homocysteinylation was regu-

lated by MARS, which responded to genetic (for example, gene

copy number; Mei et al., 2020) and nutritional signals (for

example, high-fat diet; Wang et al., 2018). However, the up-

stream signal of PDI is still unknown. A previous study had re-

vealed the cross-talk of lysine and cysteine homocysteinylation

in blood proteins (Glowacki and Jakubowski, 2004). Therefore,

identifying the intracellular upstream regulator of PDI under

physiological conditions and determining whether lysine and

cysteine homocysteinylation cross talk require further studies.

The IR is a tetrameric protein consisting of two extracellular a

subunits and two transmembrane b subunits joined by disulfide

bonds. Both subunits are generated from a single large precur-

sor by proteolytic cleavage. The IR recognizes and binds insulin,

thereby transmitting the insulin signal inside the cells. Precise

modulation of IR is vital for adaptation as individuals move



(legend on next page)
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from the fed to the fasted state. The positive and negative mod-

ulators acting on different steps of IR expression ensure a proper

and coordinated biological response to insulin in different tis-

sues. Here, we identified a metabolic regulation of IR in addition

to mutations (Takahashi et al., 2010) and transcription, transla-

tion, and protein degradation (Lay et al., 2017). Our finding

demonstrating considerable inhibition of the cleavage andmatu-

ration of pro-IR by a high level of Hcy suggested that imbalance

in one-carbon metabolism contributed to insulin resistance and

type 2 diabetes, as a high level of Hcy can be caused by either

increased intracellular methylation levels or reduced intracellular

folate levels. More importantly, we observed that blocking C-Hcy

formation by enhancing PDI activity increased the IR protein level

and prevented the development of insulin resistance in cultured

cells, as well as relieved insulin resistance and reduced blood

glucose level in a Hcy-fed mouse model. In conclusion, it is

evident from these in vitro and in vivo results that C-Hcy modifi-

cation in the ER could be an ideal pharmacological target for the

development of drugs to prevent insulin resistance and increase

insulin sensitivity.
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Antibodies

phospho-Insulin Receptor b (T1150/1151) Cell Signaling Technology Cat# 3024; RRID: AB_331253

phospho-AS160(T642) Cell Signaling Technology Cat# 8881; RRID: AB_2651042

AS160 Cell Signaling Technology Cat# 2670; RRID: AB_2199375

phospho-AKT(T308) Cell Signaling Technology Cat# 13038; RRID: AB_2629447

AKT2 Cell Signaling Technology Cat# 3063; RRID: AB_2225186

Na-k-ATPase Cell Signaling Technology Cat# 23565S; RRID: AB_2798866

PDI Cell Signaling Technology Cat# 3501; RRID: AB_2156433

Insulin Receptor b Cell Signaling Technology Cat# 23413

Insulin Receptor a Cell Signaling Technology Cat# 74118; RRID: AB_2799850

Insulin Cell Signaling Technology Cat# 8138S; RRID: AB_10949314

FLAG Abmart Cat# M20008; RRID: AB_2713960

HA Abmart Cat# M20003

GAPDH Sigma Cat# G8795; RRID: AB_1078991

GM130 Abcam Cat# ab52649

Calnexin Proteintech Cat# 10427-2-AP; RRID: AB_2069033

Actin GenScript Cat# A00702; RRID: AB_914102

Alexa Fluor 488 goat anti-mouse IgG Invitrogen Cat# A-11001; RRID: AB_2534069

Myc Abmart Cat# M20002

Furin Abcam Cat# ab3467; RRID: AB_303828

anti-mouse secondary antibodies GenScript Cat# A00160

anti-rabbit secondary antibodies GenScript Cat# A00098

Bacterial and virus strains

BL21(DE3) Vazyme C504-02/03

AAV2/9-CMV_bGI-PDIA1-P2A-mCherry-SV40pA Shanghai Taitool Bioscience N/A

AAV2-CMV_bGI-PDIA1-MCS Shanghai Taitool Bioscience N/A

AAV2-hTBG-PDIA1-MCS Shanghai Taitool Bioscience N/A

AAV2-hAdp-PDIA1-MCS-EGFP-WPRE-SV40pA Shanghai Taitool Bioscience N/A

AAV2/9-CMV_bGI-INSR-P2A-mCherry-SV40pA Shanghai Taitool Bioscience N/A

Chemicals, peptides, and recombinant proteins

Penicillin-Streptomycin Invitrogen Cat#15070063

DAPI Sigma-Aldrich Cat#D8417

DMEM, no glutamine GIBCO Cat#11960044

F-12 HAM’S(1X) Hyclone Cat#SH30026.01

sequencing grade modified trypsin Promega Cat#V5111

Anti-FLAG M2 Magnetic Beads Sigma Cat#M8823

TFA Sigma Cat#302031

synthetic peptides GL Biochem N/A

protein-A Sepharose bead Merck Millipore Cat#16-156

polyethylenimine (linear, 25 KDa) Polysciences Cat# 23966

ER-Tracker Red Beyotime Cat#C1041

Golgi-Tracker Red Beyotime Cat#C1043

L-Homocysteine Sigma Cat#69453

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Critical commercial assays

Glucose Uptake-Glo Assay Promega J1341

Endoplasmic Reticulum Isolation Kit Sigma ER0100

Plasma Membrane Protein Isolation Kit Minute SM-005

Total cholesterol (TC) ELISA kit kanglang Biotech KL-TC-Mu

Triglyceride (TG) ELISA kit kanglang Biotech KL-TG-Mu

High-density lipoprotein

cholesterol (HDL-c) ELISA kit

kanglang Biotech KL-HDL-c-Mu

Low-density lipoprotein

cholesterol(LDL-c) ELISA kit

kanglang Biotech KL-LDL-c-Mu

Insulin ELISA kit kanglang Biotech KL-INS-Mu

Homocysteine ELISA kit kanglang Biotech KL-Hcy-Mu

proinsulin ELISA kit kanglang Biotech KL-Proinsulin-Mu

C-peptide ELISA kit kanglang Biotech KL-CP-Mu

ClonExpress MultiS One

Step Cloning Kit

Vazyme Cat#C113-02

Experimental models: Cell lines

HEK293T ATCC CRL-11268

CHO ATCC CCL-61

C2C12 ATCC CRL-1772

HepG2 ATCC HB-8065

HL-1 Procell CL-0605

H9c2 ATCC CRL-1446

LO2 Procell CL-0111

Experimental models: Organisms/strains

C57BL/6J Beijing Vital River Laboratory

Animal Technology Co. Ltd

N/A

Oligonucleotides

Oligonucleotides are listed in Table S1 This study N/A

Recombinant DNA

Expression plasmid for IR This study N/A

Expression plasmid for Furin This study N/A

Expression plasmid for MARS This study N/A

Expression plasmid for PDIA1 This study N/A

Software and algorithms

ImageJ NIH https://imagej.nih.gov/ij/

GraphPad Prism 6 GraphPad Software https://www.graphpad.com/

scientific-software/prism/

MaxQuant Matthias Man http://www.coxdocs.org/doku.

php?id=maxquant:start
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Lead contact
Further information and requests for resources and reagents should be directed to andwill be fulfilled by the LeadContact, Jian-Yuan

Zhao (zhaojy@fudan.edu.cn).

Materials availability
All unique/stable reagents generated in this study will be made available upon request to the Lead Contact.
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Data and code availability

d All data reported in this paper will be shared by the lead contact upon request.

d This study did not generate unique code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Tissue cell lines
Human normal liver cell line (LO2), human liver cancer cell line (HepG2), mouse cardiac muscle cells (HL-1), mouse muscle cells

(C2C12), andmyogenic cells from embryonic rat heart ventricle (H9C2) were cultured in normal Dulbecco’s modified Eagle’s medium

(DMEM; HyClone), supplemented with 10% fetal bovine serum (FBS), 100 units/mL penicillin (Invitrogen), and 100 mg/mL strepto-

mycin (Invitrogen). Chinese hamster ovary cell line (CHO) were cultured in Ham’s F-12 nutrient mixture (HyClone) supplemented

with 10% fetal bovine serum (FBS), 100 units/mL penicillin (Invitrogen), and 100 mg/mL streptomycin (Invitrogen). All the cells

were maintained at 37�C in a humidified 5% CO2 atmosphere.

Mouse model
Six-week-old male C57BL/6J mice were obtained from Vital River (Beijing, China). The mice were maintained on a standard diet and

had free access to water. For the experiment, the mice were housed in cages in a light-, temperature- and humidity-controlled envi-

ronment. The wild-type mice were randomly divided into the control and high-Hcy groups. Vehicle or 2 g/L Hcy in water was orally

administered ad libitum for 16 weeks. The food intake and water intake in control and high-Hcy groups were provided in Figures S4A

and S4B. Blood glucose level was measured after 8�10 h of fasting every 4 weeks. Eight hours before animals were sacrificed, 2g/L

Hcy water was replaced with normal water. Mice at 22 weeks of age were sacrificed to collect blood and tissues for the subsequent

experiments. All animal experiments were approved by the Fudan University Animal Care and Use Committee and were conducted

following the National Institutes of Health Guidelines for the Care and Use of Laboratory Animals.

For the construction ofPDI overexpressingmice, the AAV2/9-CMV_bGI-PDIA1-P2A-mCherry-SV40pA (AAV2/9-PDI) virus was ob-

tained from Shanghai Taitool Bioscience Co. Ltd. Recombinant AAV vectors (43 1011 V.G./mouse) were administered intravenously

via the tail vein into mice. We next constructed tissue-specific PDI overexpressing mice models. For instance, to increase the PDI

levels in muscle tissue, we injected the AAV-PDI virus with the CMV promoter (AAV2-CMV_bGI-PDIA1-MCS) locally. To overexpress

PDI in the liver, we injected the AAV-PDI virus with a liver-specific promoter (AAV2-hTBG-PDIA1-MCS) through tail vein injection. The

AAV-PDI virus with a fat-specific promoter (AAV2-hAdp-PDIA1-MCS-EGFP-WPRE-SV40pA) was injected locally to increase the PDI

levels in adipose tissue. For the construction of INSR overexpressing mice, AAV2/9-CMV_bGI-INSR-P2A-mCherry-SV40pA (AAV2/

9-INSR) virus was obtained fromShanghai Taitool Bioscience Co. Ltd. Recombinant AAV vectors (43 1011 V.G./mouse) were admin-

istered intravenously via the tail vein into mice.

METHOD DETAILS

Plasmid construction
The full-length sequences of human INSR, PDI, and FURIN open reading frames were obtained using polymerase chain reaction

(PCR). The primer sequences were provided in Table S1. The PCR fragments were inserted into pcDNA3.1-FLAG, pcDNA3.1-

Myc, or pCDNA3.1-HA vector using recombinant DNA technology and were confirmed via sequencing.

Cell transfections and co-immunoprecipitation
Plasmid transfections were carried out by the Polyethylenimine (PEI), Lipofectamine 3000 (Invitrogen), or Lipofectamine 2000

(Invitrogen) methods. In the PEI transfection method, 400 mL of DMEM (serum-free medium) and the plasmid were placed in

an empty EP tube and PEI was added into the medium. The mixture was incubated for 15 min. Meanwhile, the cell culture me-

dium was replaced with fresh 10% FBS medium. After 15 min, the mixture was added to the cells, and the fresh medium was

replaced after 12 �16h. After 36-48 h, the transfection was completed. In the Lipofectamine 3000 transfection method. DMEM

(250 mL) was added to two empty EP tubes and Lipofectamine 3000 was added to one of the tubes and mixed for 5 min. The

plasmid and P3000 were added in the other tube and then added to the medium containing Lipofectamine 3000, mixed, and

allowed to stand for 5 min. Meanwhile, the cell culture medium was replaced with fresh 10% FBS medium. After 5 min, the

mixture was added to the cells, and the fresh medium was replaced after 12 h. After 36-48 h, the transfection was completed

and the cells were treated. In the Lipofectamine 2000 transfection method, 125 mL of DMEM (serum-free medium) and the

siRNA were placed in an empty EP tube. 125 mL of DMEM (serum-free medium) and the Lipofectamine 2000 were placed in

another empty EP tube then added to the medium containing siRNA. The mixture was incubated for 5 min. Meanwhile, the

cell culture medium was replaced with fresh 10% FBS medium. After 5 min, the mixture was added to the cells. After

36-48 h, the transfection was completed.
Cell Reports 37, 109821, October 12, 2021 e3
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For immunoprecipitation, the cells were lysed with 0.5% NP-40 buffer containing 50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 0.5%

Nonidet P-40, 1 mg/mL aprotinin, 1 mg/mL leupeptin, 1 mg/mL pepstatin, and 1mMphenylmethylsulfonyl fluoride (PMSF). Cell lysates

were incubated with FLAG beads (Sigma) for 3 h at 4�C. The bound complexes were washed with 0.5%NP-40 buffer andmixed with

loading buffer for analysis using sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).

Reverse transcription and quantitative reverse transcription-PCR (qRT-PCR)
Total RNA was isolated from cultured cells and converted into cDNA using specific primers and the HiScript III cDNA synthesis kit

(Vazyme, Nanjing, China). The mRNA levels of IR were determined using qRT-PCR with the CFX96 Touch real-time PCR detection

system (Bio-Rad, Hercules, CA, USA). GAPDH or ACTIN was used as the internal reference gene. Each reaction was performed in

triplicate. The primers used in this procedure are listed in the Table S1.

Western blotting
Cultured cells, and mouse tissues were lysed using 0.5% NP-40 buffer containing 50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 0.5%

Nonidet P-40, and a mixture of protease inhibitors (Sigma-Aldrich, St. Louis, Missouri, USA). After centrifugation at 16,000 3 g

and 4�C for 15min, the lysate supernatants were analyzed viawestern blotting according to standard procedures. Protein abundance

was detected by measuring chemiluminescence on a Typhoon FLA 9500 (GE Healthcare, Little Chalfont, UK).

Immunofluorescence
CHO cells were cultured overnight and transfected with IR-FLAG constructs using Lipofectamine 3000 per the manufacturer’s pro-

tocol. When required, the transfected cells were treated with Hcy (2 mM), and probes for the Golgi body or the ERwere added before

fixation. Twenty-four hours post-transfection, the cells were washed with phosphate buffered saline (PBS, pH 7.4), fixed with 4%

paraformaldehyde for 10 min, and washed in PBS thrice for 5 min each time. The cells were then permeabilized with 0.25% Triton

X-100 in PBS for 5 min, washed thrice in PBS, and incubated in PBS containing 10% bovine serum albumin (BSA) for 1 h at room

temperature to suppress non-specific binding of IgG. Then, the cells were washed with PBS and incubated with 1:500 dilution of

the anti-FLAG antibody in PBS containing 3% BSA for 2 h at room temperature. Next, the cells were washed thrice with PBS for

5 min each time and incubated in PBS containing 3% BSA and Alexa Fluor 488-conjugated goat anti-mouse IgG for 1 hour at

room temperature. Then, the cells were washed thrice with PBS for 5 min each time and incubated with 40,6-diamidino-2-phenylin-

dole (DAPI) for nuclear staining. The cells were observed under a fluorescence microscope (Olympus FV3000, Tokyo, Japan).

Glucose uptake
Glucose uptake assays were performed per the manufacturer’s protocols (#J1341; Promega, Madison, Wisconsin, USA). The

glucose uptake measurements were based on the detection of 2-deoxyglucose-6-phosphate (2DG-6P) using NADPHGlo technol-

ogy, in which oxidation of 2DG-6Pwas coupled with NADPH production and its subsequent bioluminescent detection using a reduc-

tase/luciferase system. The cells were seeded at the density 10,000 cells/well in the 96-well plate and grown overnight. The, the cells

were starved in DMEM without glucose for 2 h, followed by the addition of 1 mM 2DG solution. Glucose uptake was measured after

30 min. An inactivation solution was added to inactivate the endogenous glucose-6P-dehydrogenase (G6PDH) and to prevent

NADPH destruction after 30 min. The measurement reagent consisted of luciferase buffer, GO buffer, NADP+, G6PDH, reductase,

and reductase substrate.

Drug affinity responsive target stability
HepG2 cells, transfected with IR-Flag, were plated on 6-well plates and the cells were lysed with M-PER buffer containing protease/

phosphatase inhibitors on ice. Whole-cell lysates were diluted with 10 3 TNC buffer [50 mM Tris-HCl (pH 8.0), 50 mM NaCl, 10 mM

CaCl2]. The cell lysates were treated with various concentrations (0, 1, and 2mM) of homocysteine or cystathionine, or methionine for

1 h. Then, cell lysates were treated with pronase (1:100, 1:200, and 1:500 ratio) for 10 min at 37�C and the reaction was stopped by

adding 0.5 M EDTA solution. The reaction mixtures were separated on a 10% SDS gel and identified using the Flag antibody at the

size of pro-IR.

Surface plasmon resonance
The binding affinity of pro-IR with small molecules were analyzed by SPR (Biacore T200, GE Healthcare). The purified 5mg/ml pro-IR

protein was covalently immobilized to a CM5 sensor chip through amine group in 10 mM sodium acetate buffer (pH 5.5). Small

molecules were diluted to 100 mM solutions. The procedure was performed following the manufacturer’s instructions.

PDI purification
To obtain recombinant PDI, the PDI coding region was amplified using PCRwith specific primers showed in Table S1. The PCR prod-

uct was inserted into the pET-28az (+) vector. The expression plasmid, pET-28a-sPDI, was used to transform Escherichia coli BL21

(DE3) strains [genotype: F- ompT hsdS (rB
- mB

-) gal dcm (DE3)] and positive clones were selected on Luria Bertani (LB)/kanamycin

plates at 37�C with vigorous shaking. Escherichia coli BL21 (DE3) strains were cultured in Luria Bertani (LB) (10 g trypone, 5g yeast

extract and 10 gNaCl in 1L dH2O, pH 7.4) with 50mg/L kanamycin at 37�C. Isopropyl b-D-1-thiogalactopyranoside (IPTG) was added
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to a final concentration of 0.5 mM when the OD600 of the culture reached 0.6–0.8. The cultures were incubated for 12 more hours

at 18�C after which they were harvested via centrifugation. The harvested cells were re-suspended in 50 mM Tris–HCl, 500 mM

NaCl, and 20 mM imidazole (pH 7.0) and sonicated on ice for 99 cycles with 4 s working and 4 s intermission. The cell lysate was

centrifuged at 13,663 3 g for 30 min at 4�C. The supernatant of the total cell extract was loaded onto a Ni2+-chelating Sepharose

Fast Flow column (GE Healthcare), which was charged with Ni2+ ions and preequilibrated with lysis buffer. The column was

exhaustively washed with the lysis buffer until the absorbance value at 280 nm reached the baseline. The recombinant protein

was eluted via three step-elution with a series of elution buffers (50 mM Tris–HCl, pH 7.0, and 500 mM NaCl with 100 mM,

200 mM and 350 mM imidazole). All the elution fractions were collected and analyzed using SDS-PAGE. Fractions containing the

fusion protein were applied to a Sephadex G-25 fine column (GE Healthcare), and the buffer was exchanged with PBS for further

functional studies.

In vitro modification
In vitro reactions were performed in a 30 mL reaction volume containing 50 mM Tris-HCl (pH 8.0), 3 mM Hcy, 1 mM PMSF, and

0.05mg/mL synthetic substrate peptide. The reaction was allowed to continue for 12 h at 37�C. The peptide was desalted by passing

through a C18 ZipTip (Millipore, Billerica, MA, USA) and then analyzed using a matrix-assisted laser desorption ionization-time of

flight (MALDI-TOF)/TOF mass spectrometer (SCIEX-5800, Framingham, Massachusetts, USA).

In vitro de-modification
In vitro de-modification reactions were performed in a 30 mL reaction containing 100 mM K3PO4 (pH 7.5), 2 mM EDTA, 0.3 mM di-

thiothreitol (DTT), 0.05mg/mL synthetic aminoacylated peptide, 0.2mg/mL PDI, and 1mMPMSF. The reaction was allowed continue

for 30 min at 37�C. The peptide was desalted by passing through a C18 ZipTip (Millipore, Billerica, MA, USA) and analyzed using a

MALDI-TOF/TOF mass spectrometer (SCIEX-5800).

Sample preparation and liquid chromatography-tandem mass spectrometry (LC-MS)/MS analysis
To identify C-Hcy sites on target proteins, HepG2 cells were transfected with pcDNA3.1-Flag-IR and treated with Hcy (2 mM, 10 h).

After the cells were harvested, supernatants containing FLAG-bound beads were collected and digested with trypsin at a trypsin:

protein ratio of 1:50. The obtained peptides were stored at 80�C until analysis using LC-MS/MS. LC-MS/MS was performed on

an EASY-nLC100 (Thermo Scientific) coupled with Orbitrap Elite (Thermo Scientific) and equipped with an online nano-electrospray

ion source. The obtained peptides were desalted and suspended in 10 mL solvent A (A: water with 0.1% formic acid; B: ACN with

0.1% formic acid). Each sample was loaded onto a self-packed C18 column (100 mm 3 2 cm, 5-mm particle size) at a flow rate of

5 mL/min for 5 min, and subsequently separated on an analytical column (C18, 75 mm 3 20 cm) with a linear gradient from 5%

B to 90% B over 120 min. The column was re-equilibrated under initial conditions for 15 min. The column flow rate was maintained

at 200 nL/min. Themass spectrometer was set as follows: ion-transfer capillary, 275�C; spray voltage, 2 kV; full MS range, 400–2,000

m/z. Full mass spectra were acquired at a resolution of 60,000, with a target ion setting of 106. One full MS scan was followed by

15MS/MS scans, andmultistage activation was enabled. The dynamic exclusion function was set as follows: repeat count, 2; repeat

duration, 30 s; exclusion duration, 60 s.

For quantification of targeted homocysteinylated peptides, briefly, a ratio of homocysteinylated peptide signal [the total ion counts

(TIC) of homocysteinylated form (TICC-Hcy)] to the total peptide signal [TICC-Hcy + TIC of the non-homocysteinylated form (TICnon-C-Hcy]

were calculated using the following equation: Ratio of C-Hcy (RC-Hcy) = TICC-Hcy/(TICC-Hcy+TICnon-C-Hcy).

C-Hcy site identification
Raw MS files were analyzed using MaxQuant version 1.4.1.2. The MS/MS spectra were searched using the Andromeda search en-

gine against the SwissProt-human database (Release 2014-04-10) containing forward and reverse sequences. In the main

Andromeda search precursor, mass and fragment mass had an initial mass tolerance of 5 ppm and 0.05 Da, respectively. The search

included homocysteinylation of cysteine, protein N-acetylation, and oxidation ofmethionine. Minimal peptide length was set to seven

amino acids, and a maximum of four miscleavages was allowed. The false discovery rate (FDR) was set to 0.01 for peptide and pro-

tein identification.

Cellular fractionation
Membrane was isolated from cells using a plasma membrane protein isolation kit (Minute, SM-005). Microsomes (endoplasmic re-

ticulum and the Golgi) apparatus were isolated from cells using an endoplasmic reticulum isolation kit (Sigma, ER0100).

Insulin and glucose tolerance tests
ITT (2 IU/kg insulin i.p.) and GTT (2 g/kg glucose i.p.) were performed in mice (8 weeks after vehicle or Hcy treatment) after 6 h of

fasting. For ITT, blood glucose level was assessed 0, 15, 30, 60, and 120 min after injection using a glucose meter (Roche, Accu-

chek). Data were expressed as blood glucose change relative to that at 0 min. For GTT, blood glucose level was assessed at 0,

15, 30, 60, and 120 min after the injection using a glucose meter; absolute data are showed.
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Plasma insulin, proinsulin, and C-peptide detection
The levels of fasting proinsulin and C-peptide of mice in control and Hcy-treated groups were detected using ELISA (Kanglang

Biotech, Shanghai, China). Fasting insulin level in the plasma was determined using the insulin ELISA kit per the manufacturer’s in-

structions (Kanglang Biotech) and western blotting. The ELISA signal was read at 450 nm using a microplate reader (iMark, BIORAD,

Hercules, CA, USA). For western blotting, albumin was considered as the reference protein.

Hcy quantification
To obtain plasma frommice, one eyeball from each animal was ejected with scissors and completely removed. Blood from the retro-

orbital plexus was collected in EDTA-coated 1.5 mL tubes and centrifuged immediately. Then, the plasma samples were collected

and stored at �80�C until determination of Hcy content using a homocysteine ELISA kit (Kanglang Biotech).

QUANTIFICATION AND STATISTICAL ANALYSIS

Differences between groups were examined using one-way analysis of variance (ANOVA) when appropriate, with the Bonferroni post

hoc test. All p values below 0.05 were considered significant. Data are presented as mean ± SD. For GTT and ITT, two-way ANOVA

with multiple comparisons were performed for statistical analyses. Additionally, the area under curve (AUC) of each mouse was

calculated and further evaluated by a two-tailed unpaired t test with/without Welch’s correction or one-way ANOVA. Sample size

and specific statistical tests used in experiments are shown in the figure legends.
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