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SUMMARY
Current antihypertensive options still incompletely control blood pressure, suggesting the existence of un-
covered pathogenic mechanisms. Here, whether cytokine-like protein family with sequence similarity 3,
member D (FAM3D) is involved in hypertension etiology is evaluated. A case-control study exhibits that
FAM3D is elevated in patients with hypertension, with a positive association with odds of hypertension.
FAM3D deficiency significantly ameliorates angiotensin II (AngII)-induced hypertension in mice. Mechanisti-
cally, FAM3D directly causes endothelial nitric oxide synthase (eNOS) uncoupling and impairs endothelium-
dependent vasorelaxation, whereas 2,4-diamino-6-hydroxypyrimidine to induce eNOS uncoupling abolishes
the protective effect of FAM3D deficiency against AngII-induced hypertension. Furthermore, antagonism of
formyl peptide receptor 1 (FPR1) and FPR2 or the suppression of oxidative stress blunts FAM3D-induced
eNOS uncoupling. Translationally, targeting endothelial FAM3D by adeno-associated virus or intraperitoneal
injection of FAM3D-neutralizing antibodies markedly ameliorates AngII- or deoxycorticosterone acetate
(DOCA)-salt-induced hypertension. Conclusively, FAM3D causes eNOS uncoupling through FPR1- and
FPR2-mediated oxidative stress, thereby exacerbating the development of hypertension. FAM3D may be
a potential therapeutic target for hypertension.
INTRODUCTION

Hypertension known as the elevation of blood pressure is a

common cardiovascular disorder to potentially increase the

risk of other serious comorbidities, such as myocardial in-

farction, stroke, and chronic renal failure.1,2 Despite sufficient

effective antihypertensive options, an estimated 10%–15% of

the general hypertensive population fails to exhibit reduced

blood pressure and the alleviation of targeted organ damage,

possibly due to a lack of response or intolerance to available

antihypertensive agents.3 This unmet treatment need indicates

the incompletely understood pathogenic mechanism of hyper-

tension and prompts further investigation of additional targets

and strategies.
Cell R
This is an open access article under the CC BY-N
Endothelial dysfunction, mainly characterized by reduced ni-

tric oxide (NO) bioavailability, is a critical pathogenic hallmark

of hypertension.4,5 NO generation in the endothelium is depen-

dent on endothelial NO synthase (eNOS). The dysfunction or in-

hibition of eNOS causes NO unavailability and impairs endothe-

lium-dependent vascular relaxation, further exacerbating the

progression of hypertension.6–11 The major cause of eNOS

dysfunction related to hypertension is uncoupling; uncoupled

eNOS alternatively generates superoxide anions (O2
�) rather

than NO.6,12 In turn, NADPH oxidase-mediated oxidative stress

is a major trigger for eNOS uncoupling and endothelial dysfunc-

tion.13 Moreover, oxidative stress-induced reactive oxygen spe-

cies (ROS) directly react with NO to form reactive nitrogen spe-

cies and reduce NO bioavailability.14 Consistently, modulating
eports Medicine 4, 101072, June 20, 2023 ª 2023 The Author(s). 1
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eNOS activity or targeting NADPH oxidases has been shown to

rescue endothelial function and alleviate the progression of hy-

pertension in animal models.15–17 Therefore, improving endothe-

lial function is an attractive therapeutic strategy for hypertension,

but current therapies specific to the endothelium are limited.

Family with sequence similarity 3, member D (FAM3D) is a

cytokine-like protein with chemoattractant activity to recruit

monocytes and neutrophils through its cell surface receptors

FPR1 and FPR2.18,19 Our previous study identified FAM3D,

which was significantly upregulated in endothelial cells (ECs)

during the pathogenesis of abdominal aortic aneurysm (AAA),

induced neutrophil recruitment and aggravated AAA formation

through FPR1 and FPR2 signaling.20 Here, whether FAM3D

was involved in the pathogenesis of hypertension was evaluated.

A case-control study displayed that the FAM3D level was sub-

stantially elevated in plasma from patients with hypertension,

with a positive association with odds of hypertension. Further-

more, we found that FAM3D induced eNOS uncoupling through

FPR1- and FPR2-mediated oxidative stress, consequently

causing endothelial dysfunction and exacerbating angiotensin

II (AngII)-induced hypertension. Translationally, specific knock-

down of FAM3D in ECs by adeno-associated virus or administra-

tion of FAM3D-neutralizing antibodies significantly reversed

endothelial dysfunction and thereby ameliorated hypertension.

Therefore, FAM3D may be a potential therapeutic target for

improving endothelial function in response to antihypertensive

treatment.

RESULTS

The increase in FAM3D correlates with the
pathogenesis of hypertension
Since FAM3D is a cytokine-like protein, we designed an age- and

gender-matched case-control study between 80 cases and 80

responding controls (Table S1). For subject recruitment, partici-

pants with peripheral arterial disease, diabetes mellitus, chronic

kidney disease, history of myocardial infarction, stroke, and tu-

mor and those taking antihypertensive and lipid-lowering medi-

cations were excluded. Plasma FAM3D levels were measured

to investigate whether FAM3D was involved in hypertension

etiology. A significant increase in plasma FAM3D levels was

observed in patients with hypertension (7.27 [5.33–10.70]

ng/mL) compared with responding controls (5.54 [4.51–7.15]

ng/mL) (Figure 1A). Moreover, the increase in plasma FAM3D

positively correlated with systolic blood pressure in all patients
Figure 1. The elevation of FAM3D correlates with the pathogenesis of

(A) ELISA measurement of plasma FAM3D from individuals in the case-control s

(B) Spearman correlation analysis of plasma FAM3D levels and SBP in patients w

(C) ELISAmeasurement of plasma FAM3D levels in C57BL/6 mice treated with sal

Student’s t test, *p < 0.05.

(D and E) Immunofluorescent staining of FAM3D inmesenteric arteries (E) and thor

bar, 40 mm.

(F) Immunofluorescent en face staining of FAM3D in the endothelial layer of thorac

bar, 25 mm. n = 6. Data are represented as mean ± SEM. Unpaired Student’s t te

(G) Immunofluorescent en face staining of FAM3D in the endothelial layer of thorac

Data are represented as mean ± SEM. Unpaired Student’s t test, *p < 0.05.

(H) Immunofluorescent en face staining of FAM3D in the endothelial layer of thor

represented as mean ± SEM. Unpaired Student’s t test, *p < 0.05.
with hypertension (n = 80, r = 0.3845, p = 0.0004) (Figure 1B).

Furthermore, the associations between plasma FAM3D levels

and hypertension status were estimated by univariable condi-

tional logistic regressions and multivariable conditional logistic

regressions adjusting potential confounding factors including

fasting blood glucose, plasma total cholesterol, triglyceride,

and heart rate. The odds ratios for the risk of hypertension were

1.06 (95% confidence interval [CI]: 1–1.13) and 1.09 (95% CI:

1.01–1.17) following an increase in the plasma FAM3D levels by

one unit in the non-adjusted model and the multivariable-

adjusted model, respectively (Table S2). Moreover, when

FAM3D levelswere regardedascategorical variables, odds ratios

were calculated with the categorical tertiles. Compared with the

lowest tertile of plasmaFAM3D levels (<5.20ng/mL), themultivar-

iable-adjusted odds ratios of hypertension for the highest tertiles

(R7.89 ng/m:) were 7.34 (95%CI: 2.27–23.70) (Table S2). Collec-

tively, these data indicated that plasma FAM3D levels positively

correlated with odds of hypertension in humans.

Next, we evaluated the modulation of FAM3D expression in

animal models, including AngII (490 ng/kg/min)-induced hyper-

tensive mice (Table S3), deoxycorticosterone acetate (DOCA)-

salt-induced hypertensive mice (Table S4) and spontaneously

hypertensive rats (SHRs) (Table S5). As results, FAM3D was

significantly elevated in plasma of AngII-infused mice (Figure 1C)

and upregulated in aortic tissues in AngII- or DOCA-salt-induced

hypertensive mice and SHRs (Figures S1A–S1D), suggesting

that the upregulation of FAM3D might not be specific model

dependent but a general alteration during the pathogenesis of

hypertension. Since FAM3D is constitutively expressed in the

gastrointestinal tract,21 we evaluated intestinal expression.

FAM3D expressed in the colons did not exhibit obvious alter-

ation in AngII- or DOCA-salt-induced hypertensive mice (Figures

S1E and S1F). To further confirm the localization of upregulated

FAM3D in arteries, we performed immunofluorescence staining

on cross sections of thoracic aortas and mesenteric arteries

from C57BL/6 mice after AngII infusion for 7 days (Figures 1D,

1E, S2A, and S2B). AngII infusion exclusively upregulated

FAM3D expression in intimal ECs but not medial smooth muscle

cells (vascular smooth muscle cells [VSMCs]). In addition, en

face immunofluorescence staining of the arterial intima verified

that endothelial FAM3D was upregulated in AngII-infused mice

as early as day 1 of infusion (Figures 1F and S2C), indicating

the potential pathogenic role of FAM3D. Similarly, endothelial

FAM3D was also elevated in DOCA-salt-induced hypertensive

mice (Figures 1G and S2D) and SHRs (Figures 1H and S2E).
hypertension

tudy. N = 80 pairs. Data are represented as mean ± SEM. Mann-Whitney test.

ith hypertension. N = 80.

ine or AngII for 7 days. n = 5–6. Data are represented asmean ± SEM. Unpaired

acic aortas (F) fromC57BL/6mice after saline or AngII infusion for 7 days. Scale

ic aortas of C57BL/6mice after saline or AngII infusion for 1 day or 7 days. Scale

st, *p < 0.05.

ic aortas of sham-treated or DOCA-salt-induced mice. Scale bar, 25 mm. n = 6.

acic aortas of Wistar-Kyoto (WKY) or SHRs. Scale bar, 25 mm. n = 6. Data are
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Thus, the upregulation of FAM3D expression in ECs may be

associated with the pathogenesis of hypertension.

FAM3D deficiency ameliorates AngII-induced
hypertension and related vascular pathologies
To examine the effect of FAM3D on hypertension, we compared

the blood pressure of wild-type (WT) and FAM3D�/� mice after

AngII infusion for 14 days through the non-invasive tail-cuff

method and invasive radiotelemetry, respectively. Before AngII

induction, these two groups of mice exhibited no differences in

systolic/diastolic blood pressure (SBP/DBP), mean arterial pres-

sure (MAP), and heart rate at baseline (Figure S3). Following AngII

infusion, SBP, DBP, and MAP were gradually elevated in WT

mice, whereas FAM3D deficiency significantly lowered the

AngII-induced increase in blood pressure (Figures 2A–2D).More-

over, we performed telemetric monitoring of 24-h blood pressure

inWTandFAM3D�/�mice after 14daysof AngII infusion.Consis-

tently, FAM3D deficiency decreased the 24-h SBP and DBP in

AngII-inducedmice (Figures 2E and 2F). In addition, we observed

hypertension-related vascular pathologies, including vascular

stiffness and inflammation. AngII infusion significantly increased

arterial pulse wave velocity (PWV) and adventitial collagen depo-

sition in thoracic aortas, whereas FAM3D knockout inhibited

these alterations, suggesting that FAM3D deficiency attenuated

AngII-induced vascular stiffness (Figures 2G and 2H). Moreover,

flowcytometric analysis showed that FAM3Ddepletion alleviated

leukocyte infiltration in the aortic wall (Figure 2I), which was

consistent with our previous study showing that FAM3D induced

vascular leukocyte recruitment. These data suggested that

FAM3D knockout mitigated AngII-induced hypertension and

related vascular stiffness and inflammation.

FAM3D impairs endothelium-dependent vasorelaxation
to further enhance vasoconstriction
The dysregulation of arterial contraction and relaxation contrib-

utes to the pathogenesis of hypertension. Thus, we further exam-

inedwhether FAM3D affected arterial contraction and relaxation.

The vasoconstrictive response to phenylephrine was first evalu-

ated in mesenteric resistance arteries from WT and FAM3D�/�

mice. There was no difference in arterial contractility between

the two groups of mice (Figures 3A and 3B). However, following

14 days of AngII infusion in vivo, FAM3D�/� arteries displayed

markedly decreased vasoconstrictive responses to phenyle-

phrine compared with WT vessels (Figure 3C). Furthermore, ar-

teries were pretreated with the NO synthase inhibitor L-NG-
Figure 2. FAM3D deficiency ameliorates AngII-induced hypertension a
(A) SBP of WT and FAM3D�/� mice was measured by the tail-cuff method durin

Repeated-measures analysis using a mixed-effects model, *p < 0.05.

(B–D) The SBP (B), DBP (C), and MAP (D) of WT and FAM3D�/� mice were me

represented as mean ± SEM. Repeated-measures analysis using a mixed-effect

(E and F) 24-h recordings of SBP (E) and DBP (F) in WT and FAM3D�/�mice was m

represented as mean ± SEM. Repeated-measures analysis using a mixed-effect

(G) Pulse wave velocity (PWV) in aortas fromWT and FAM3D�/�mice treated with

way ANOVA followed by Tukey’s multiple comparisons test, *p < 0.05.

(H) Representative Masson staining and quantification of adventitial collagen dep

AngII for 14 days. Scale bar, 100 mm. n = 5–6. Data are represented as mean ± SE

(I) Flow cytometric analysis of CD45+ cells in aortas fromWT and FAM3D�/�mice

SEM. Two-way ANOVA followed by Tukey’s multiple comparisons test, *p < 0.05
nitroarginine methyl ester (L-NAME) to cause endothelial

dysfunction. Obvious differences in the constrictive responses

of arteries from AngII-infused WT and FAM3D�/� mice were

abolished by L-NAME (Figure 3D), suggesting that FAM3D regu-

lated vasocontraction by affecting endothelial function.

We further compared vascular responses to acetylcholine and

sodiumnitroprusside to evaluate endothelium-dependent and -in-

dependent vasorelaxation, respectively. The WT and FAM3D�/�

mesenteric arteries from mice without AngII infusion exhibited no

differences in endothelium-dependent or -independent relaxation

(Figures 3E and 3F). Moreover, FAM3D deficiency significantly

enhanced vasorelaxation in arteries from AngII-infused mice (Fig-

ure 3G). In contrast, the endothelium-independent vasorelaxation

of these arteries in response to sodium nitroprusside showed no

obvious differences, suggesting that the distinct vasorelaxation

between WT and FAM3D�/� mesenteric arteries may be related

to endothelial function (Figure 3H). Meanwhile, we also evaluated

endothelial hyperpolarizing factor (EDHF)-induced vasorelaxation

on WT and FAM3D�/� mesenteric arteries. As results, no differ-

ence was observed in arteries from WT and FAM3D�/� mice

with or without AngII infusion, excluding the potential effect of

FAM3D on EDHF function (Figure S4).

Collectively, these results suggested that FAM3D specifically

blunted endothelium-dependent arterial relaxation and further

strengthened vasoconstriction.

FAM3D causes eNOS uncoupling in ECs in vitro

Coupled eNOS-dependent NO production is critical for endothe-

lium-dependent vasorelaxation,22 andeNOSuncoupling reduces

NO bioavailability and impairs vascular relaxation.6 Accordingly,

we first measured intracellular NO production and extracellular

NO release from ECs by DAF-FM DA staining and Griess assay,

respectively. FAM3D dose-dependently decreased NO produc-

tion and secretion in ECs (Figures S5A and S5B), whereas BH4,

an inhibitor of eNOS uncoupling, significantly reversed the sup-

pression of NO production by FAM3D in ECs (Figure S5C), indi-

cating that eNOS uncoupling mediated the FAM3D-induced

reduction in NO bioavailability. Despite the reduction in NO

bioavailability, eNOS uncoupling caused alternative O2
� genera-

tion and eNOS monomerization. Dihydroethidium (DHE) staining

showed that FAM3D increased intracellular O2
� generation in

ECs, and L-NAME inhibited this effect of FAM3D, suggesting

that FAM3D induced eNOS-dependent O2
� production (Fig-

ure S5D). Moreover, western blot showed that FAM3D did not

alter eNOS expression but induced eNOS monomerization in a
nd related vascular pathologies
g AngII infusion for 14 days. n = 6–8. Data are represented as mean ± SEM.

asured by radiotelemetry during AngII infusion for 14 days. n = 5–6. Data are

s model, *p < 0.05.

easured by radiotelemetry following 7 days of AngII infusion. n = 3–5. Data are

s model, *p < 0.05.

saline or AngII for 14 days. n = 5–6. Data are represented asmean ± SEM. Two-

osition in thoracic aortas from WT and FAM3D�/� mice treated with saline or

M. Two-way ANOVA followed by Tukey’s multiple comparisons test, *p < 0.05.

treated with saline or AngII for 14 days. n = 4–6. Data are represented asmean ±

.
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Figure 3. FAM3D impairs endothelium-

dependent vasorelaxation to further

enhance vasocontraction

(A and B) Concentration-response curves of

endothelium-dependent contraction (A) and

endothelium-independent contraction (B) of

mesenteric resistance arteries from WT and

FAM3D�/� mice. n = 6. Data are represented as

mean ± SEM. Two-way ANOVA followed by Tu-

key’s multiple comparisons test.

(C and D) Concentration-response curves of

endothelium-dependent contraction (C) and

endothelium-independent contraction (D) of

mesenteric resistance arteries from WT and

FAM3D�/�mice infused with AngII for 14 days. n =

6. Data are represented as mean ± SEM. Two-way

ANOVA followed by Tukey’s multiple comparisons

test. *p < 0.05.

(E and F) Concentration-response curves of endo-

thelium-dependent relaxation (E) and endothelium-

independent relaxation (F) of mesenteric resistance

arteries fromWTandFAM3D�/�mice. n =5–6.Data

are represented as mean ± SEM. Two-way ANOVA

by Tukey’s multiple comparisons test.

(G and H) Concentration-response curves of endo-

thelium-dependent relaxation (G) and endothelium-

independent relaxation (H) of mesenteric arteries

fromWT and FAM3D�/� mice infused with AngII for

14 days. n = 6. Data are represented as mean ±

SEM. Two-way ANOVA by Tukey’s multiple com-

parisons test. *p < 0.05.
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time-dependent manner (Figure S5E). Thus, these data sug-

gested that FAM3D caused eNOS uncoupling in vitro.

FAM3D deficiency reverses eNOS uncoupling to
alleviate hypertension in vivo

We further validated FAM3D-induced eNOS uncoupling in vivo.

FAM3Ddeficiency reversed the AngII infusion-induced reduction

in NO, eNOS-dependent O2
� production and eNOS monomer-

ization (Figures 4A–4C), suggesting that FAM3D deficiency

reversed eNOS uncoupling in AngII-infused hypertensive

mice. Furthermore, 2,4-diamino-6-hydroxypyrimidine (DAHP)

(10 mmol/L for 14 days) was administered in drinking water to

reduce intracellular BH4 and cause eNOS uncoupling in vivo.
6 Cell Reports Medicine 4, 101072, June 20, 2023
DAHP administration abolished FAM3D

deficiency-mediated restoration of NO

bioavailability in response to AngII infu-

sion and accordingly disrupted the pro-

tective effect of FAM3D deficiency

against AngII-induced hypertension (Fig-

ures 4D and 4E). These results suggested

that FAM3D deficiency alleviated hyper-

tension through the restoration of eNOS

coupling.

FAM3D leads to eNOS uncoupling
through FPR1/2-mediated
oxidative stress
Next, we examined how FAM3D induced
eNOS uncoupling to cause endothelial dysfunction. Based on

our previous finding that FPR1 and FPR2 mediate FAM3D-

induced neutrophil recruitment,19,20 we used cyclosporin H

(CsH) and WRW4 to antagonize FPR1 and FPR2, respectively.

Both antagonists significantly inhibited FAM3D-induced eNOS

monomerization and FAM3D-mediated impairment of NO

bioavailability in ECs (Figures 5A and 5B), suggesting that

FPR1 and FPR2 were involved in FAM3D-induced eNOS uncou-

pling and endothelial dysfunction. Oxidative stress is the major

inducer of eNOS uncoupling. We observed that FAM3D

increased intracellular ROS production from 15min until 1 h after

stimulation (Figure 5C), whereas both CsH andWRW4 efficiently

inhibited ROS accumulation in ECs after FAM3D treatment for 1



A

B

C

D

E

Figure 4. FAM3D deficiency inhibits AngII-induced eNOS uncoupling in ECs of aortas in mice
(A) Representative DAF-FM DA en face staining and quantification of NO levels in ECs from the thoracic aortas of WT and FAM3D�/� mice after saline or AngII

infusion for 14 days. n = 5–6. Data are represented as mean ± SEM. Two-way ANOVA followed by Tukey’s multiple comparisons test, *p < 0.05.

(B) Representative DHE en face staining and quantification of O2
� in ECs from thoracic aortas in WT and FAM3D�/� mice infused with saline or AngII for 14 days.

L-NAME (200 mmol/L) was ex vivo used to treat dissected aortas for 30 min before DHE staining. n = 3. Data are represented as mean ± SEM. Two-way ANOVA

followed by Tukey’s multiple comparisons test, *p < 0.05.

(legend continued on next page)
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h, suggesting that FAM3D-FPR1/2 induced obvious oxidative

stress (Figure 5D). Of interest, L-NAME did not attenuate but

instead further enhanced O2
� generation induced by FAM3D at

1 h (Figure 5E), which was consistent with the finding that

FAM3D did not induce eNOS uncoupling during this period (Fig-

ure S5E). These data collectively suggested that FAM3D directly

induced oxidative stress prior to eNOS uncoupling. Moreover,

the ROS inhibitor NAC and NADPH oxidase inhibitor apocynin

could attenuate oxidative stress and markedly reversed

FAM3D-induced NO reduction and eNOS monomerization

(Figures 5F and 5G), indicating that FAM3D induced eNOS un-

coupling through FPR1/2-mediated oxidative stress.

Targeting FAM3D ameliorates hypertension
To further confirm the role of endothelial FAM3D and verify the

potential translational significance of FAM3D in hypertension,

we firstly infected C57BL/6 mice with an adeno-associated virus

serotype 9 (AAV9) vector encoding endothelial-specific ex-

pressed FAM3D short hairpin RNA (shRNA) to knock down

FAM3D in ECs in vivo, followed by 14-day AngII infusion at

2 weeks after AAV injection (Figure 6A). Consequently, endothe-

lial FAM3D knockdown reversed eNOS uncoupling, as evi-

denced by the reduced eNOS monomerization and the

increased NO bioavailability, and thereby lowered blood pres-

sure in AngII-induced mice (Figures 6B–6D). Meanwhile, we

applied DOCA-salt-induced models in mice with AAV-mediated

specific knockdown of endothelial FAM3D (Figure 6E). As well,

knockdown of endothelial FAM3D restored eNOS coupling and

alleviated DOCA-salt-induced hypertension (Figures 6F–6H).

These results indicated the pathogenic role of endothelium-

derived FAM3D in hypertension etiology. To further target

FAM3D in vivo, we used a FAM3D-neutralizing antibody (6D7)

that had been shown to efficiently block FAM3D function in

mice in our previous study.20 C57BL/6 mice were intraperitone-

ally injected with immunoglobulin G (IgG) or 6D7 during the in-

duction of hypertension by AngII for 14 days or DOCA-salt for

21 days (Figures 7A and 7E). In both hypertension models, 6D7

administration greatly reversed eNOS uncoupling (Figures 7B,

7C, 7F, and 7G), while 6D7-mediated blockade of FAM3D subse-

quently lowered blood pressure elevated by either AngII or

DOCA-salt induction (Figures 7D and 7H), indicating that

FAM3D-neutralizing antibody may be a promising therapeutic

strategy for hypertension intervention.

DISCUSSION

To date, the mechanism of hypertension pathogenesis is still not

fully understood. Approximately 10%–15% of patients with hy-

pertension cannot be efficiently cured by current antihyperten-
(C) Representative western blot analysis and quantification of monomer/dimer eNO

14 days. n = 5. Data are represented as mean ± SEM. Two-way ANOVA followe

(D) Representative DAF-FM DA en face staining and quantification of NO in EC

administered with or without 2,4- DAHP (10 mmol/L) in drinking water for 14 day

Tukey’s multiple comparisons test, *p < 0.05.

(E) SBPwasmeasured by the tail-cuff method inWT and FAM3D�/�mice infused

for 14 days. n = 4–5. Data are represented as mean ± SEM. Repeated-measures a

test, *p < 0.05, WT + AngII vs. FAM3D�/� + AngII; ns, no significance, WT + Ang

8 Cell Reports Medicine 4, 101072, June 20, 2023
sive therapies,3 suggesting the presence of unknown critical

modulatory factors or molecules associated with hypertension.

In the current study, plasma FAM3D levels were significantly

elevated in both patients with hypertension and hypertensive

mice. Circulating FAM3D may be an independent risk factor for

hypertension populations, as supported by the multivariable

conditional logistic regression analysis of the case-control study.

Furthermore, we identified the pathogenic role of cytokine-like

protein FAM3D in hypertension.

Our major finding is that FAM3D directly causes eNOS uncou-

pling in hypertension. Endothelial dysfunction mediated by

eNOS uncoupling is an important pathogenic process in the eti-

ology of hypertension, as validated in various hypertensive ani-

mal models, including genetic hypertension (SHRs),23 AngII-

induced hypertension,9 and DOCA-salt-induced hypertension,24

as well as patients with hypertension.25–27 Although the downre-

gulation and uncoupling of eNOS reduce NO bioavailability and

cause endothelial dysfunction, eNOS uncoupling ismore harmful

than a lack of eNOS expression due to alterative exacerbation of

oxidative stress.6 Here, FAM3D caused eNOS uncoupling but

did not alter its expression in ECs. A variety of mechanisms impli-

cated in eNOS uncoupling involve oxidative stress-induced BH4

depletion,28 L-arginine deficiency,29 and eNOS S-glutathionyla-

tion.30 We demonstrated that ROS scavengers and BH4 supple-

mentation abolished and reversed FAM3D-induced eNOS

uncoupling, respectively, suggesting that oxidative stress-

induced BH4 depletion might mediate the effect of FAM3D on

eNOS uncoupling. Considering that the BH4 synthesis inhibitor

DAHP mostly abolished the protective effect of FAM3D defi-

ciency against hypertension, we further hypothesized that

FAM3D modulated blood pressure mainly through inducing

eNOS uncoupling. In addition, chemokine-mediated leukocyte

recruitment and vascular inflammation also play critical roles in

the etiology of hypertension.31,32 We previously reported that

FAM3D was upregulated in ECs by proinflammatory stimuli

and has chemoattractant activity to directly recruit neutrophils

and monocytes.20 In the current study, FAM3D deficiency

ameliorated leukocyte infiltration in the vascular wall, and the

possibility that FAM3D may also modulate leukocyte-involved

vascular inflammation during the pathogenesis of AngII-induced

hypertension in mice could not be excluded. Of interest, BH4-

deficiency-induced eNOS uncoupling contributes to other car-

diovascular diseases, such as atherosclerosis and AAA.33 The

current discovery of FAM3D-induced eNOS uncoupling might

provide another explanation for our previous work associated

with FAM3D-mediated AAA.20

FAM3D belongs to a cytokine-like family composed of 4

members, referred to as FAM3A, FAM3B, FAM3C, and FAM3D,

which share a 4-helix-bundle structure.18 A previous study
S ratios in the aortas ofWT and FAM3D�/�mice treated with saline or AngII for

d by Tukey’s multiple comparisons test, *p < 0.05.

s from the thoracic aortas of WT and FAM3D�/� mice infused with AngII and

s. n = 5. Data are represented as mean ± SEM. Two-way ANOVA followed by

with AngII and administered with or without DAHP (10mmol/L) in drinking water

nalysis using amixed-effects model followed by Tukey’s multiple comparisons

II + DAHP vs. FAM3D�/� + AngII + DAHP.
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Figure 5. FAM3D causes eNOS uncoupling through FPR1/2-mediated oxidative stress

(A) Representative western blot and quantification ofmonomer/dimer eNOS ratios in HUVECs treatedwith FAM3D (10 nmol/L) for 6 h after preincubationwith CsH

(1 mmol/L) and/or WRW4 (1 mmol/L) for 2 h. n = 4. Data are represented as mean ± SEM. Two-way ANOVA followed by Tukey’s multiple comparisons test,

*p < 0.05.

(B) Quantification of intracellular NO by DAF-FM DA staining in human umbilical vein ECs (HUVECs) treated with FAM3D (10 nmol/L) for 6 h after preincubation

with CsH (1 mmol/L) and/or WRW4 (1 mmol/L) for 2 h. n = 4. Data are represented as mean ± SEM. Two-way ANOVA followed by Tukey’s multiple comparisons

test, *p < 0.05.

(legend continued on next page)
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demonstrated that VSMC-specific deletion of FAM3A attenuated

AngII-induced hypertension in mice. The related mechanism in-

volves FAM3A, as a mitochondrial protein, intracellularly

enhancing ATP production and release, further promoting

VSMC phenotypic transition.34 In the current article, we found

that FAM3D was not expressed in VSMCs and has no effect on

VSMC contraction. In addition, direct effects of purified FAM3D

protein and antihypertension function of FAM3D-neutralizing an-

tibodies supported that FAM3D exerted extracellularly. There-

fore, distinct from FAM3A, FAM3D may exert its pathogenic ef-

fects in an extracellular manner as a classic cytokine-like protein.

Another interesting finding of the current study is that FAM3D

exerts its hypertensive effects probably in an endothelial auto-

crine manner. Endothelial autocrine growth factors or cytokines

are essential for maintaining vascular homeostasis.35 VEGFA is

physiologically expressed and released by ECs and, conversely,

activates eNOS and induces endothelial NO production and

vasodilation,36 whereas anti-VEGF therapies often trigger the

development of systemic hypertension due to endothelial

dysfunction.37,38 In addition, some vascular pathologies involve

the regulation of endothelial autocrine signaling. Endothelial

transforming growth factor b (TGF-b) induces eNOS uncoupling

and endothelial-to-mesenchymal transition in an autocrine

manner, further exacerbating atherosclerosis or AAA forma-

tion.39,40 Endothelial autocrine CXCL12 signaling promotes

pulmonary vascular EC proliferation and exacerbates pulmonary

arterial hypertension.41 FAM3D is highly expressed in the gas-

trointestinal tract and modulated gut microbiota.21 As gut

microbiota facilitatesAngII-inducedvascular dysfunction andhy-

pertension,42 we excluded alterations in intestinal FAM3D

expression in hypertensivemice, suggesting that gastrointestinal

FAM3D may not associate with hypertension etiology. In addi-

tion, we observed that FAM3D expression was upregulated in

ECs but not VSMCs in arterial tissues, while endothelial FAM3D

knockdown could alleviate AngII- or DOCA-salt-induced hyper-

tension, indicating the pathogenic role of endothelium-derived

FAM3D in hypertension etiology. In addition, FAM3D caused

eNOS uncoupling extracellularly and depended on the cell sur-

face receptors FPR1 and FPR2. Thus, these findings suggested

that the potential pathological autocrine effect of endothelium-

derived FAM3D caused endothelial dysfunction during the path-

ogenesis of hypertension.

Of note, EC-specific AT1a deficiency did not alter AngII-

induced hypertension in mice, suggesting the endothelial AngII

signaling plays a minor role in the modulation of blood pres-

sure.43 Here, we uncovered that the alteration and effect of

FAM3D in hypertension was not specific and direct in response
(C) Quantification of ROS by DCFH-DA staining in HUVECs treated with FAM3D (1

way ANOVA followed by Dunnett’s multiple comparisons test, *p < 0.05.

(D) Quantification of ROS by DCFH-DA staining in HUVECs treated with FAM3D

(1 mmol/L) for 2 h. n = 4. Data are represented as mean ± SEM. Two-way ANOVA

(E) Quantification of O2
� generation by DHE staining in HUVECs treated with FAM

n = 3. Data are represented as mean ± SEM. Two-way ANOVA followed by Tuke

(F) Quantification of intracellular NO by DAF-FM DA staining in HUVECs treated

apocynin (100 mmol/L) for 4 h. n = 4. Data are represented as mean ± SEM. Two

(G) Representative western blot and quantification of monomer/dimer eNOS radi

NAC (5 mmol/L) or apocynin (100 mmol/L) for 4 h. n = 3. Data are represented as m

*p < 0.05.
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to AngII. First, endothelial FAM3D was upregulated not only in

AngII-induced mice and SHRs but also in DOCA-salt-induced

hypertensive mice, which did not directly correlate with AngII in-

duction.44 Second, targeting FAM3D significantly lowered blood

pressure in both AngII- and DOCA-salt-induced hypertensive

mice. This potentially explained why targeting endothelial

FAM3D-induced eNOS uncoupling, rather than endothelial

AngII signaling, significantly alleviated AngII-induced hyperten-

sion, although further investigation is required to explore the un-

derlying general mechanism ofmodulation of endothelial FAM3D

expression in distinct hypertensive models.

FPR1 and FPR2 are cell surface receptors of FAM3D. We pre-

viously reported that FPR1 and FPR2 on monocytes and neutro-

phils mediate the chemoattractant activity of FAM3D to recruit

these cells and cause vascular inflammation.19,20 Notably, both

FPR1 and FPR2 are expressed on ECs. Stimulation of FPR1 by

N-fMLP induces ROS accumulation in ECs,45 while activation

of FPR2 by the selective agonist WKYMVm stimulates ischemic

neovasculogenesis by promoting homing of endothelial colony-

forming cells.46 Furthermore, both FPR1andFPR2mediatemito-

chondrial N-formyl peptide-induced EC contraction and vascular

leakage.47Here,weconfirmed that both FPR1andFPR2mediate

FAM3D-induced oxidative stress and subsequent eNOS uncou-

pling. In addition, p47phox phosphorylation mediates FPR1 acti-

vation-induced oxidative stress in ECs,45 while endothelial

p47phox-dependent NOX1 and NOX2 isoforms are involved in

endothelial dysfunction and hypertension in mice.48 Our results

also showed that theNADPHoxidase inhibitor apocynin inhibited

FAM3D-inducedendothelial dysfunction, suggesting the involve-

ment of NADPH oxidases in endothelial dysfunction and hyper-

tension regulated by FAM3D-FPR1/FPR2 signaling.

A recent study showed that FPR1 activation by N-formyl pep-

tides originating from renal cell death induced spontaneous, pre-

mature hypertension, whereas administration of the FPR1antago-

nist CsH markedly lowered blood pressure in Dahl salt-sensitive

rats.49 Of interest, FPR1 deficiency or antagonism49,50 reduces

vascular contractility but does not seem to affect endothelium-

dependent relaxation. However, we found that FAM3D deficiency

improved endothelium-dependent relaxation, further attenuating

vasocontraction. This result suggested (1) that different endoge-

nous agonists of FPR1 may exist in Dahl salt-sensitive rats vs.

AngII-induced hypertensive mice and (2) that the pathogenic ef-

fects of FAM3D in hypertension also depend on FPR2 in addition

to FPR1, although further confirmation is needed.

Targeting endothelial dysfunction is an effective potential

approach to lowerbloodpressure, althoughclassic antihyperten-

sion strategies mainly focus on altering cardiac output, effective
0 nmol/L) for various times. n = 3. Data are represented as mean ± SEM. One-

(10 nmol/L) for 60 min after preincubation with CsH (1 mmol/L) and/or WRW4

followed by Tukey’s multiple comparisons test, *p < 0.05.

3D (10 nmol/L) in the presence or absence of L-NAME (200 mmol/L) for 60 min.

y’s multiple comparisons test, *p < 0.05.

with FAM3D (10 nmol/L) for 6 h after preincubation with NAC (5 mmol/L) or

-way ANOVA followed by Sidak’s multiple comparisons test, *p < 0.05.

os in HUVECs treated with FAM3D (10 nmol/L) for 6 h after preincubation with

ean ± SEM. Two-way ANOVA followed by Sidak’s multiple comparisons test,
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circulating volume, and VSMC contractility. Clinically, direct

administration of NOdonors (e.g., nitroglycerin and sodiumnitro-

prusside) efficiently compensated endothelial dysfunction and

lowered blood pressure in patients with acute stroke but was un-

suitable for long-term use due to the potential accumulation of

peroxynitrites produced by excessive NO under hypertension-

related oxidative stress conditions.51 In addition, oral administra-

tion of BH4 restored eNOS coupling and inhibited the increase in

blood pressure in DOCA-salt-induced hypertension,52 while a pi-

lot clinical trial (ClinicalTrials.gov: NCT00208780) supported the

therapeutic effects of BH4 on hypertension.26 However, the

chemical instability of BH4 to be easily oxidized to BH2 may limit

its potential clinical use.6,53 Herein, we administered a FAM3D-

neutralizing antibody or AAV9-shFAM3D to block FAM3D, which

effectively alleviated endothelial dysfunction and lowered both

AngII- and DOCA-salt-induced hypertension. Intervention on

FAM3D, avoiding excessive supplement of NO or BH4, may be

a prospective strategy to reverse endothelial dysfunction for anti-

hypertensive therapy.

In conclusion, the cytokine-like protein FAM3D, which was up-

regulated in ECs under various pathogenic conditions of hyper-

tension, directly caused eNOS uncoupling through FPR1- and

FPR2-mediated oxidative stress, thereby exacerbating endothe-

lial dysfunction and hypertension. Translationally, targeting

endothelium-derived FAM3D or administration of a FAM3D-

neutralizing antibody restored eNOS coupling and subsequently

lowered blood pressure. Therefore, FAM3D might be a prom-

ising target for treating endothelial dysfunction in hypertension.

Limitations of the study
Our study has limitations that should be considered. First, we

demonstrated theupregulationof FAM3D inECs indistinct hyper-

tensive mouse models, but the underlying mechanism regulating

FAM3D expression during the pathogenesis of hypertension is

lacking direct evidence. Further exploration is needed. Addition-

ally, we discovered that FAM3D directly caused endothelial

dysfunction in human ECs in vitro and hypertensive mice in vivo,

whereas whether FAM3D correlates with endothelial function in

patientswith hypertensionhasnot been explored, but it is feasible

to perform. Third, we started to administer AAVor neutralizing an-

tibodies to target FAM3D before hypertension induction in mice,
Figure 6. Endothelial FAM3D knockdown alleviates AngII- and DOCA-

(A) Schematic diagram showing the injection of AAV9-Tie2-shRNA (shFAM3D or sh

in C57BL/6 mice.

(B) Representative western blot and quantification of monomer/dimer eNOS ratios

or AAV9-Tie2-shFAM3D followed by AngII infusion for 14 days. n = 5–6. Data are

(C) Representative DAF-FM DA en face staining and quantification of NO in ECs fr

AAV9-Tie2-shFAM3D followed by AngII infusion for 14 days. n = 5. Data are repr

(D) SBP of C57BL/6 mice infected with AAV9-Tie2-shControl or AAV9-Tie2-shFA

mean ± SEM. Repeated-measures analysis using a mixed-effects model, *p < 0.

(E) Schematic diagram showing the injection of AAV9-Tie2-shRNA (shFAM3D or

treatment in C57BL/6 mice.

(F) Representative western blot and quantification of monomer/dimer eNOS ratios

or AAV9-Tie2-shFAM3D followed by DOCA-salt treatment for 21 days. n = 5–6. D

(G) Representative DAF-FM DA en face staining and quantification of NO in ECs fr

AAV9-Tie2-shFAM3D followed by DOCA-salt treatment for 21 days. n = 4. Data

(H) SBP of C57BL/6 mice infected with AAV9-Tie2-shControl or AAV9-Tie2-shFAM

as mean ± SEM. Repeated-measures analysis using a mixed-effects model, *p <
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thus the protective effects we observed preferably suggested

the preventative potential of targeting FAM3D. More translation-

ally, targeting FAM3D by AAV or neutralizing antibodies could

be performed following the establishment of hypertension in

mice,whichmight bemore relevant to the clarification of potential

therapeutic efficacy. Moreover, humanization of mouse FAM3D-

neutralizing antibodies is required to be accomplished before at-

tempting to translate into them human hypertension.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Goat anti-FAM3D R&D Systems Cat# MAB2869; RRID: AB_2262535

Alexa Fluor 647 anti-mouse CD144 (VE-

cadherin)

BioLegend Cat# 138005; RRID: AB_10568319

Mouse anti-CD31 Santa Cruz Biotechnology Cat# sc-376764; RRID: AB_2801330

Alexa Fluor 488 donkey anti-goat IgG Life Technologies Cat# A32814; RRID: AB_2762838

Alexa Fluor 555 goat anti-mouse IgG Life Technologies Cat# A21422; RRID: AB_141822

Fluorescein isothiocyanate (FITC) anti-

mouse CD45

BioLegend Cat# 103107; RRID: AB_312972

Mouse anti-eNOS Santa Cruz Cat# sc-376751; RRID: AB_2832203

Chemicals, peptides, and recombinant proteins

Angiotensin II Sigma–Aldrich A9525

Deoxycorticasterone acetate (DOCA) Innovative Research M-121

DAF-FM DA fluorescent dyes Beyotime Institute of Biotechnology S0019

DHE fluorescent dyes Beyotime Institute of Biotechnology S0063

DCFH-DA fluorescent dyes Beyotime Institute of Biotechnology S0033S

Osmotic minipumps Alzet Corporation Model 2001 or Model 2002

Acetylcholine Sigma-Aldrich Chemical 60-31-1

L-NAME Sigma-Aldrich Chemical 51298-62-5

Sodium nitroprusside Sigma-Aldrich Chemical 13755-38-9

Phenylephrine Sigma-Aldrich Chemical P1240000

Apamin MedChemexpress HY-P0256

TRAM-34 MedChemexpress HY-13519

Indomethacin MedChemexpress Hy-14397

Critical commercial assays

CircuLex Human FAM3D ELISA Kit Marine Biological Laboratory CY-8201

Mouse FAM3D ELISA Kit CUSABIO CSB-EL008229MO

Trichrome stain Kit Solarbio Life Sciences G1340

Nitrate/nitrite colorimetric assay kit Beyotime Institute

of Biotechnology

S0021

Experimental models: Organisms/strains

Mouse: C57BL/6 mice, FAM3D�/� He et al., 201820 https://doi.org/10.1161/ATVBAHA.118.

311289

Rat: Wistar-Kyoto rats Vital River 21005A

Rat: spontaneously hypertensive rats Vital River 21006A

Software and algorithms

GraphPad Prism 9.0 software Graphpa by dotmatics https://www.graphpad.com/

Odyssey infrared imaging

system software

LI-COR Biosciences https://www.licor.com/

QuantStudio Design &

Analysis Software

Thermo Fisher Scientific https://www.thermofisher.cn/cn/zh/home/

life-science/pcr/real-time-pcr/

real-time-pcr-instruments/

quantstudio-3-5-real-time-pcr-system/

quantstudio-3.html

LAS X software Leica https://www.leica-microsystems.com/

products/microscope-software/p/

leica-las-x-ls/

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

LabChart 8 Reader software ADINSTRUMENTS https://www.adinstruments.com/products/

labchart-reader

FlowJo 7 software FLOWJO https://www.flowjo.com/

ImageJ software ImageJ https://github.com/
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Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Dr. Yi Fu

(yi.fu@bjmu.edu.cn).

Materials availability
This study did not generate new unique reagents.

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

d This paper does not report original 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

Human study
All participants were from an atherosclerosis cohort survey conducted in Beijing, China, and definitions of diseases were described

previously.54 In brief, community residents agedR40 years were recruited between December 2011 and April 2012. A case-control

study based on baseline survey was designed to investigate the association of plasma FAM3D level and hypertension status. Initially,

participants with peripheral arterial disease, diabetesmellitus, chronic kidney disease, history of myocardial infarction, stroke, tumor,

taking antihypertensive and lipid-lowering medications were excluded. Then cases were selected from hypertensives with following

criteria: systolic blood pressure (SBP)R 140mmHg and/or DBPR90mmHg. Controls were selected from normotensives (both SBP

<120 mmHg and DBP <80 mmHg), and then matched cases with 1:1 ratio for the same gender, similar age (±1 year) and body mass

index (±1 kg/m2). Finally, a total of 160 subjects (80 pairs) were used in this analysis. This studywas approved by the ethics committee

of Peking University First Hospital, and performed in accordancewith the principles of the Declaration of Helsinki. All participants pro-

vided written informed consent. Considering high-fat diet feeding causes instant elevation of FAM3D in humans,34 a venous blood

sample was obtained from the forearm of each participant after an overnight fasting and plasma were separated and stored at

�80�C FAM3D level was measured using frozen plasma with an ELISA kit. The study project was approved by Peking University First

Hospital (Ethics No. 2021[302]) and informed consent was obtained from subjects. The detailed information of all the above patients

are listed in Table S1.

Animals
All animal studies and experimental procedures followed the guidelines of the Institutional Animal Care and Use Committee of Peking

University Health Science Center, an ethical organization authorized by the Beijing Municipal Science & Technology Commission.

C57BL/6micewerepurchased fromVital River (Beijing,China). Eight-week-oldmaleWistar-Kyoto (WKY) rats and spontaneously hyper-

tensive rats (SHR) were purchased fromHuafukang Co. (Beijing, China). FAM3D�/�micewere generated on a C57BL/6 background by

TALEN-mediatedgene targeting.20Twelve-week-oldFAM3D�/� and littermatemalemicewere infusedwithAngII (490ng/kgperminute)

or saline for 1, 7 or 14 days via subcutaneously implanted osmotic minipumps.55 For DOCA-salt-induced hypertensivemodel, as previ-

ous,56 the left kidneywas removed from6-weekoldmalemice, andafter 2 days,DOCApelletswere implanted followedby feedingwater

containing 0.9% NaCl. Sham mice were also nephrectomized, but not received DOCA pellets implantation and given tap water. For

knockdown of endothelium-derived FAM3D,micewere injectedwith adeno-associated viral vector serotype 9 (AAV9) vectors encoding

Tie2promoter-driven FAM3DshRNA in anamount of 531011 v.g./mice via tail veins twoweeks before induction of hypertensionmodels.

Equal amount of AAV9 vectors encoding Tie2 promoter-driven control shRNA served as negative controls.

Cell culture
The procedures for the isolation of human-derived primary cells were approved by the Ethics Committee of the Peking University

Health Science Center. As described previously,20 human umbilical vein endothelial cells (HUVECs) were isolated from umbilical
e2 Cell Reports Medicine 4, 101072, June 20, 2023
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cords. The umbilical cord was washed with PBS 3 times, clamped at both ends, filled with 0.25% trypsin, and then placed at 37�C.
After 15 min, the umbilical cord was gently kneaded to digest endothelial cells, and then rinsed with 5% endothelial cell medium

(ECM) to collect endothelial cells. HUVECs were maintained in 20% ECM at passages 1 to 3 and then in 5% ECM after passages

3. The cells were digested and passaged with 0.05% trypsin, and cells at passages 4 to 6 were used for experiments. Cell cultures

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

METHOD DETAILS

Western blots
Mouse tissues and cells were lysed in RIPA buffer. The protein concentrations were quantified using a BCA Protein Assay Kit. Equal

amounts of total protein per sample were separated on an 8% or 12% SDS–PAGE gel and transferred onto nitrocellulose filter mem-

branes (Pall, Port Washington, NY, USA). The membranes were blocked with 5%BSA. The membranes were incubated with primary

antibodies and appropriate IRDye-conjugated secondary antibodies. The immunofluorescent signal was detected by an Odyssey

infrared imaging system (LI-COR Biosciences, Lincoln, NE, USA).

To detect eNOS monomers/dimers, nondenatured tissue and cell lysates were dissolved in ice-cold buffer (Tris-HCl, 50 mmol/L,

pH 8; NaCl, 180mmol/L; EDTA, 0.5 mmol/L; NP40, 0.2%; phenylmethylsulfonyl fluoride, 100mmol/L; DTT, 1 mmol/L) without adding

b-mercaptoethanol and heat denaturation, and then separated on an 8% SDS–PAGE gel and transferred onto nitrocellulose filter

membranes at a low temperature, as previously described.57

Real-time PCR
Total RNA was extracted from tissues using TRIzol reagent. Equal amounts (2 mg) of total RNA were reverse transcribed to cDNA

using NovoScript II Reverse Transcriptase. Real-time polymerase chain reaction (PCR) amplification was performed using SYBR

Green 23 PCR mix and recorded with a QuantStudio 3 Real-Time PCR Instrument (Thermo Fisher Scientific, Waltham, MA, USA).

The amplification reactions were programmed at 94�C for 7 min followed by 40 cycles of 95�C for 15 s and 60�C for 1 min. The

data were analyzed using the DDCT method with QuantStudio Design & Analysis Software (Thermo Fisher Scientific, Waltham,

MA, USA) and normalized to b-actin as an internal control. Primer sequence information is listed in Table S6.

Histological analysis of mouse arteries
Mice were euthanized by CO2 inhalation, followed by perfusion with PBS and fixation with 4% paraformaldehyde (PFA). Thoracic

aortas andmesenteric arteries were dissected and embedded in OCT compound and then cut into frozen serial sections (10 mm thick,

approximately 400 mmapart). For immunofluorescent en face staining, thoracic aortas without PVATwere dissected and opened by a

longitudinal cut and then inserted into a silicone disc with thin needles, followed by further fixation with 4% PFA for 15 minutes at

room temperature and permeabilization with 0.1% Triton X-100 in PBS for 15 minutes.

Masson’s trichrome staining was performed on aortic cross-sections using a Trichrome Stain Kit according to the manufacturer’s

protocol. The sections were incubated in mordant solution in 60�C for 1 hour and then washed with running water for 10 minutes.

Celestite blue solution was dropped onto the sections for 2 minutes and washed with distilled water twice for 30 seconds. May he-

matoxylin solution was dropped onto the section for 1 minute and washed with distilled water twice for 30 seconds. The sections

were differentiated with acid differentiation solution for several seconds and were rinsed in running water for 10 minutes. Then pon-

ceau-acid fuchsin solution was dropped onto the sections and stained for 10 minutes. Phosphmolybic acid solution was treated with

for 10minutes and discarded. Then the sections were stained directly with aniline blue solution for 2minutes and rinsed in acetic acid

solution for 2 minutes. Finally, the sections were dehydrated and mounted.

Immunofluorescent staining was performed on arterial cross-sections or longitudinally opened thoracic aortas. The samples were

blocked with 3% bovine serum albumin for 1 hour at room temperature and then incubated with goat anti-FAM3D antibodies (1:200

dilution, 2 mg/mL) and/or Alexa Fluor 647 anti-mouse VE-cadherin (1:200 dilution) for 24 hours at 4�C and then washed with Krebs

solution for 3 times. Alexa Fluor 488 donkey anti-goat IgG (1:500 dilution, 2 mg/mL) secondary antibodies were incubated for 2 hours

at room temperature and then washed with Krebs solution for 3 times, followed by nuclear staining with DAPI (1:1000 dilution,

5 mg/mL) for 5 minutes at room temperature. The longitudinally opened thoracic aortas were mounted on slides using antifade

mounting solution, with the intima facing up. Immunofluorescent staining of arterial cross-sections or the endothelial layers of

thoracic aortas was observed and acquired using a confocal microscope (Leica, Wetzlar, Germany).

Mouse blood pressure measurement and monitoring
Mouse blood pressure was measured according to the recommendation of the American Heart Association council on high blood

pressure research.58 A noninvasive computerized CODA tail-cuff blood pressure system (Kent Scientific, Torrington, CT, USA)

was used to measure mouse SBP. The equipment was kept clean and free from foreign scents and blood odors. The investigator

was blinded to the experimental groups when performing the measurements, and the mice were tested in a randomized order. All

mice underwent training sessions from 1 to 4 PM on 7 consecutive days to become accustomed to the tail-cuff procedure. During

the 14 days of Ang II induction, SBP was recorded every 1-2 days for AngII-induced hypertensive model and every 4 days for DOCA-

salt-induced hypertensive model, and 5 measurements were performed daily from 1-4 PM on each mouse.
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Blood pressure was also monitored using implanted radiotelemetry probes (PA-C10, Data Science International, Tilburg, The

Netherlands).59 Model PA-C10 transmitters were inserted into the left carotid artery of each mouse under anesthesia. Then, the

mice were allowed to recover for 10 days before the implantation of osmotic minipumps containing saline or AngII. BPwasmonitored

before and after minipump implantation on a Dataquest ART Silver acquisition system (Data Sciences International). Continuous

measurements of SBP, DBP and MBP were performed daily every 10 seconds from 1 to 4 PM, and the averages of these 3-hour

measurements were recorded. In addition, 24-hour monitoring of SBP and DBP was performed using measurements taken at

10-second intervals, and the averages of the measurements every 5 minutes were recorded.

Pulse wave velocity measurement
Pulse wave velocity (PWV) was measured 2 weeks after saline or Ang II infusion by using a high-resolution ultrasound instrument

(Vevo 2100, Visual Sonics, Toronto, Canada), as described previously.60 Ascending and descending aortic peak velocities were

measured in the pulse wave (PW) Doppler-mode aortic arch view. PWV was obtained from the B-mode and Doppler-mode aortic

arch views and was calculated as PWV = D
T (D: aortic arch distance; T: transit time).

Flow cytometry
Leukocytes in aortic vessels were analyzed by flow cytometry as previously described.20,61 Aortic vessels were cleaned off fatty tissue,

minced, anddigested intosinglecellswithaorticdissociationenzymesolution (Collagenase I, 450U/ml;Hyaluronidase type I-S, 60U/ml;

DNase I, 60 U/ml; Collagenase XI, 125 U/ml). After washing off the digest with Krebs solution (NaCl, 119 mmol/L; NaHCO3, 25 mmol/L;

KCl, 4.7mmol/L; KH2PO4, 1.2mmol/L; CaCl2, 2.5mmol/L;MgCl2, 1mmol/L; D-glucose, 11mmol/L) for 3 times, single-cell suspensions

were stained with FITC-anti-CD45 (1:200) in Krebs solution for 30 minutes on ice. Then the cells were resuspended in 300 ml Kreb’s so-

lution after washing out the antibody and analyzed using a BD FACSCalibur system (BD Biosciences, San Diego, CA).

Isometric force measurement in wire myography
Fresh mouse mesenteric arteries were dissected and stored in ice-cold Krebs solution (119 mmol/L NaCl, 25 mmol/L NaHCO3,

4.7 mmol/L KCl, 1.2 mmol/L KH2PO4, 2.5 mmol/L CaCl2, 1 mmol/L MgCl2, and 11 mmol/L D-glucose). Mesenteric arteries (about

1 mm in length) were mounted on wire myographs (Danish Myo Technology, Aarhus, Denmark) by 25-mm diameter wire to record

changes in isometric tension, as described by previous studies.62,63 To test VSMC integrity, vasocontraction in response to phen-

ylephrine (0.003 nmol/L to 30 mmol/L) was evaluated in mesenteric arterial rings with or without pretreatment with L-NAME

(100 mmol/L) for 30minutes. Endothelium-dependent relaxation in response to acetylcholine (ACh, 0.003 to 10 mmol/L) was examined

in rings that had been precontracted with phenylephrine (Phe, 1 mmol/L). After being washed 4 times, the rings were incubated with

NG-nitro-L-arginine methyl ester (L-NAME, 100 mmol/L) for 30 minutes. Then, endothelium-independent relaxation in response to

sodium nitroprusside (SNP, 0.001 to 10 mmol/L) were examined after the rings were precontracted with Phe (1 mmol/L). For endothe-

lial hyperpolarizing factor (EDHF)-induced relaxation in response to Achwas examined in rings that were also precontracted with Phe

(1 mmol/L) after combined incubation of L-NAME (100 mmol/L) and PGI2 inhibitor indomethacin (INDO, 10 mmol/L) for 30 minutes, and

then were precontracted with Phe (1 mmol/L) after combined incubation of L-NAME, INDO and EDHF inhibitor (Apamin, 1 mmol/L;

Tram-34, 1 mmol/L) for 30 minutes. Following the previous study,64 the active wall tension (OT) was applied to indicate the extent

of vasocontraction and vasorelaxation. Calculation formula includes OT = Tactive � Trelax and T = F
2g (Tactive: wall tensions in acti-

vating solution; Trelax: wall tensions in relaxing solutions; T: wall tension; F: measurement of force, g: mean vessel segment length).

Purification of FAM3D protein
Human FAM3D protein was purified following our previous study.20 The plasmids pcDNA3.1-human FAM3D-Myc-His were trans-

fected into HEK293T cells using jetPEI (PT-101, Polyplus, Berkeley, CA, USA) according to the manufacturer’s instructions. Sixteen

hours after transfection, the culturemediumwas replacedwith OptiMEM (Invitrogen,Waltham,MA, USA), and the cells were cultured

for another 3 days. The conditioned medium was harvested, concentrated and replaced with binding buffer. then FAM3D-Myc-His

proteins were purified by the Ni Sepharose High Performance system according to the manufacturer’s instructions (GE Healthcare,

Danderyd, Sweden). Briefly, using a gravity column, binding buffer and nickel beads were combined three times, followed by elution

of nontarget protein with 5 mM, 15 mM and 30 mM imidazole eluate, and then target proteins were eluted with 100 mM imidazole

eluent. The target protein eluate was replaced with PBS and finally concentrated.

Measurement of endothelial NO production
Intracellular NO production was measured in endothelial cells or the arterial intima using DAF-FM DA (excitation at 488 nm and emis-

sion at 520 nm).65,66 HUVECs were treated and incubated with 10 mmol/L DAF-FM DA in serum-free ECM at 37�C for 30 minutes.

After being washed 3 times with PBS, the cells were fixed with 4% PFA for 15 minutes at room temperature. Images were acquired

using a Cytation 5 system (Bio Tek, VT, USA). In addition, fresh thoracic aortas were incubated with 50 mmol/L DAF-FM DA in Krebs-

HEPES buffer at room temperature for 45 minutes with shaking in the dark. After being washed 3 times with Krebs buffer, the aortas

were fixedwith 4%PFA for 15minutes at room temperature. Then, the aortas were opened by a longitudinal cut for subsequent stain-

ing of the endothelial marker VE-cadherin as described above. Images were taken under a confocal microscope (Leica, Wetzlar,

Germany).
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NO secretion from endothelial cells into the culture media was measured using a Griess assay.67 Briefly, 53 104 HUVECs per well

were seeded in a 96-well plate and allowed to attach for 24 hours. Following the various treatments, a nitrate/nitrite colorimetric assay

kit was used to measure extracellular NO levels in the cell culture media. Total nitrite levels were measured at 540 nm after adding

Griess reagents using a Varioskan microplate reader (Thermo Fisher Scientific, Waltham, MA, USA).

Detection of O2
- generation in endothelial cells

O2
� generation was measured by DHE staining in HUVECs and the endothelial layer of aortic tissues with or without preincubation

with L-NAME (200 mmol/L) for 30 minutes. For cultured cell staining, DHE (1 mmol/L) in serum-free ECMwas added and incubated for

30 minutes at 37�C. After being washed 3 times with PBS, the cells were digested with 0.05% trypsin, resuspended with 300 mL

serum-free ECM and measured by flow cytometry using a BD FACSCalibur system (BD Biosciences, San Diego, CA). In addition,

fresh thoracic aortas were incubated with 10 mmol/L DHE in Krebs-HEPES buffer at room temperature for 45 minutes with shaking

in the dark. After being washed 3 times with Krebs-HEPES buffer, the aortas were fixed with 4% PFA for 15 minutes at room tem-

perature. The aortas were opened by a longitudinal cut for subsequent staining of the endothelial marker VE-cadherin as described

above. Images were taken under a confocal microscope (Leica,Wetzlar, Germany) with excitation at 535 nm and emission at 610 nm.

Detection of ROS production in HUVECs
ROS production in HUVECs was assessed using the fluorescent dye DCFH-DA and flow cytometry.68 HUVECs were stimulated and

loaded with 1 mmol/L of DCFH-DA in serum-free ECM for 30 min at 37�C. After being washed 3 times with PBS, the cells were di-

gested with 0.05% trypsin, resuspended with 300 mL serum-free ECM and measured by flow cytometry using a BD FACSCalibur

system (BD Biosciences, San Diego, CA).

QUANTIFICATION AND STATISTICAL ANALYSIS

Values are presented as the mean ± standard error (SEM) for normally distributed data and median (1/4 interquartile range (IQR)-3/4

IQR) for skew distributed data. Statistical analyses were performed using GraphPad Prism 9.0 software (GraphPad Software, San

Diego, CA, USA). For statistical comparisons, we first evaluated whether the data were normally distributed using the Shapiro–

Wilk normality test. Then, we used Student’s t-tests for two-group comparisons of normally distributed data. If the data was is

skewed distribution, we usedMann-Whitney test. In addition, we used ANOVA followed by post hoc analysis for comparisons among

normally distributed data from more than two groups. Specifically, Dunnett’s multiple comparisons test was used to compare each

group with a control group, while Tukey’s multiple comparisons test was used to compare each group with every other group. In

addition, Sidak’s multiple comparisons test was performed to compare each test group with its own control after two-way

ANOVA. In all cases, a statistically significant difference was present when the two-tailed probability was less than 0.05. The details

of the statistical analysis used in each experiment are presented in the corresponding figure legends.
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