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A B S T R A C T   

Gut microbiota produce Trimethylamine N-oxide (TMAO) by metabolizing dietary phosphatidylcholine, choline, 
L-carnitine and betaine. TMAO is implicated in the pathogenesis of chronic kidney disease (CKD), diabetes, 
obesity and atherosclerosis. We test, whether TMAO augments angiotensin II (Ang II)-induced vasoconstriction 
and hence promotes Ang II-induced hypertension. Plasma TMAO levels were indeed elevated in hypertensive 
patients, thus the potential pathways by which TMAO mediates these effects were explored. Ang II (400 ng/ 
kg− 1min− 1) was chronically infused for 14 days via osmotic minipumps in C57Bl/6 mice. TMAO (1%) or anti
biotics were given via drinking water. Vasoconstriction of renal afferent arterioles and mesenteric arteries were 
assessed by microperfusion and wire myograph, respectively. In Ang II-induced hypertensive mice, TMAO 
elevated systolic blood pressure and caused vasoconstriction, which was alleviated by antibiotics. TMAO 
enhanced the Ang II-induced acute pressor responses (12.2 ± 1.9 versus 20.6 ± 1.4 mmHg; P < 0.05) and 
vasoconstriction (32.3 ± 2.6 versus 55.9 ± 7.0%, P < 0.001). Ang II-induced intracellular Ca2+ release in afferent 
arterioles (147 ± 7 versus 234 ± 26%; P < 0.001) and mouse vascular smooth muscle cells (VSMC, 123 ± 3 
versus 157 ± 9%; P < 0.001) increased by TMAO treatment. Preincubation of VSMC with TMAO activated the 
PERK/ROS/CaMKII/PLCβ3 pathway. Pharmacological inhibition of PERK, ROS, CaMKII and PLCβ3 impaired the 
effect of TMAO on Ca2+ release. Thus, TMAO facilitates Ang II-induced vasoconstriction, thereby promoting Ang 
II-induced hypertension, which involves the PERK/ROS/CaMKII/PLCβ3 axis.   

1. Introduction 

More than 30% (1.38 billion) of the global adult population suffer 
from hypertension [1], a major preventable risk factor for cardiovas
cular disease (CVD), and the leading cause of death worldwide. A better 

understanding of the underlying mechanisms causing hypertension is 
required for preventing and treating high blood pressure [2]. Angio
tensin II (Ang II), is a principle component of the 
renin-angiotensin-aldosterone system, which plays a critical role in hy
pertension [3]. The kidneys determine ANG II formation and controls 
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plasma volume, making this organ a key players in hypertension. In the 
kidney, afferent arterioles (Af) constitute the major resistance vessels 
[4]. By their constriction, Ang II contributes to blood pressure and 
glomerular filtration rate (GFR) regulation [4,5]. 

Certain forms of hypertension are linked to gut microbiota [6–8]. For 
instance, gut microbiota composition differs between normotensive 
controls and various genetic (SHR and Dahl salt-sensitive) and phar
macological (Ang II and DOCA-salt) hypertension models [9–13]. What 
is more, Ang II-induced vascular dysfunction and hypertension are 
mitigated in germ-free (GF) mice (gnotobiotic) [10]. Accordingly, the 
lower blood pressure and reduced vascular contractility observed in GF 
rats is restored by introducing microbiota to these GF rats [14]. In the 
light of these studies, it does not surprise that dietary interventions to 
alter gut microbiota can modulate blood pressure [13]. Yet, whether gut 
microbiota affects blood pressure via a certain metabolite, Trimethyl
amine N-oxide (TMAO), is unknown. 

Choline, L-carnitine, phosphatidylcholine and betaine are metabo
lized by gut microbiota to generate Trimethylamine (TMA), which is 
rapidly oxidized by hepatic flavin-containing monooxygenase-3 (FMO3) 
to form TMAO in the liver [15,16]. TMAO may also be obtained directly 
from foods [16]. Remarkably, plasma TMAO concentration is closely 
associated with atherosclerosis [15], obesity [17] and chronic kidney 
disease [18]. 

Direct targets of TMAO have attracted much attention [19]. Chen 
et al. demonstrate that TMAO directly binds and activates protein kinase 
R-like endoplasmic reticulum kinase (PERK) and, thus, promotes 
metabolic dysfunction [20]. TMAO may also augment platelet intra
cellular Ca2+ ([Ca2+]i) release via elevation of inositol 1,4,5-triphos
phate (IP3) generation [21]. Interestingly, aging and chronic kidney 
disease (CKD) animal models have higher circulating TMAO levels than 
their control strains. 

TMAO impairs endothelial nitric oxide synthase (eNOS)-derived ni
tric oxide (NO) production, and reduces endothelium-dependent vaso
relaxation of the aorta in response to acetylcholine [22,23]. Whether 
activation of PERK by TMAO affects Ang II-induced vasoconstriction via 
enhancing [Ca2+]i release is investigated here, where we test whether a 
physiological concentration of TMAO augments Ang II–induced intra
cellular Ca2+ release via activating PERK that enhances vasoconstriction 
of Af and mesenteric arteries. Furthermore, we explore whether 
depleting gut microbiota reduces circulating TMAO levels to reduce 
blood pressure and Ang II-vasoconstriction. 

2. Methods 

All data to support the findings of this study are available from the 
corresponding author upon reasonable request. A detailed section of 
methods and materials is provided in the Data Supplement. 

2.1. Animals and experimental model 

Adult C57Bl/6 mice, male, 25–28 g, were obtained from SLAC lab
oratory animal company (Shanghai, China). Animals were housed under 
climate-controlled conditions with a 12-h light/dark cycle and provided 
with standard laboratory chow and tap water. All procedures and 
experimental protocols were approved by the Institute Animal Care and 
Ethical Committee of Zhejiang University School of Medicine. 

Osmotic pumps (Alzet Model 2002, CA, USA) were subcutaneously 
implanted into mice to deliver either saline or Ang II (400 ng/ 
kg− 1min− 1) for 2 weeks [24]. TMAO (1%, Trimethylamine N-oxide 
dihydrate, ACROS Organics, Geel, Belgium) and an antibiotics cocktail 
(0.5 g/L vancomycin, 1 g/L neomycin sulfate, 1 g/L metronidazole, 1 
g/L ampicillin) were administered via drinking water [15,25]. Vanco
mycin was purchased from Meryer Chemical Technology (Shanghai, 
China), Neomycin sulfate was purchased from Macklin (Shanghai, 
China), Metronidazole and Ampicillin were purchased from Aladdin 
(Shanghai, China). Drinking water was replenished thrice a week. After 

treating mice with TMAO for 14 days or antibiotics for 7 days, the os
motic pumps were implanted. Systolic blood pressure was measured by 
non-invasive tail-cuff (Visitech Systems BP-2000, NC, USA) during 14 
days of Ang II infusion. 

2.2. Human plasma TMAO analysis 

The study was approved by the Ethics Committee of the Second 
Affiliated Hospital of Zhejiang University School of Medicine. Subjects 
were aged between 18 and 80 years. A total of 69 humans were assigned 
to the hypertensive or normotensive group. Subjects were allocated to 
the hypertensive group (37) if they presented with systolic blood pres
sure >140 mmHg and diastolic blood pressure >90 mmHg, and not 
under antihypertensive treatment. Subjects will be excluded if they 
presented with severe hypertension (blood pressure >180/120 mmHg). 
Healthy individuals were recruited from the physical examination cen
ter for the normotensive group (32) at the same time. 

Only one freeze-thaw cycle was allowed for all samples in the pro
cess. Plasma TMAO levels and SOD activity were assessed with the 
Human TMAO assay Kit (Jianglai Institute of Biotechnology, Shanghai, 
China) and Total Superoxide Dismutase Assay Kit (Beyotime Biotech
nology, Shanghai, China), following the manufacturer’s instructions. 

2.3. Renal afferent arteriolar microperfusion 

Isolation and microperfusion procedures have been described before 
[26–29]. In brief, mice were anesthetized with isoflurane and kidneys 
were removed and sliced along the corticomedullary axis. Slices were 
placed in ice-cold DMEM with or without 250 μM TMAO and dissected 
under a stereomicroscope. A single Af with attached glomerulus was 
isolated and then transferred to a temperature-controlled chamber on 
the stage of an inverted microscope, and perfused using a microma
nipulator system with concentric holding and perfusion pipettes. Once 
the Af was successfully perfused, 100 mM KCl was added into the bath 
solution to assess vascular function and then washout. The perfusion 
pressure was maintained at 60 mmHg. The chamber was perfused with 
37 ◦C DMEM to maintain the temperature. Only one Af was used from 
each mouse and 5–8 mice were used for each group and all the experi
ments were finished within 2 h after the mice were killed. The 
dose-response curve of Af to Ang II was obtained after 1 h equilibration. 
TMAO and/or PERK inhibitor GSK2606414 (2 μM), ROS scavenger 
Tempol (100 μM), CaMKII inhibitor KN-93 (1 μM), PLC inhibitor 
U73122 (10 μM), AT1 inhibitor ZD7155 (0.1 μM) or AT2 inhibitor 
PD123319 (10 μM) were added to bath solution before equilibration 
period and existed during the whole experiment. All inhibitors and 
scavenger used for microperfusion were purchased from MedChemEx
press (NJ, USA). 

2.4. Mesenteric arterial reactivity 

Reactivity of mouse mesenteric arteries were studied by using a wire 
myograph, as previously described [28]. Second branch mesenteric ar
tery from adult male C57Bl/6 mice were administered saline, Ang II, 
TMAO or antibiotics, were cleaned of fat and connective tissue and then 
cut into rings (2 mm in length) in ice-cold Krebs-Henseleit solution. The 
arteries were mounted to the wire myograph system and resting tension 
was set according to the manufacturer’s protocol. Then the mesenteric 
artery was equilibrated for 60 min at 37 ◦C before experiments. Subse
quently, the mesenteric artery was challenged three times with a 
high-potassium solution (KPSS, PSS with 80 mM KCl) to verify vascular 
reactivity and then washed out. Next, mesenteric arteries were pre
treated with or without PLC inhibitor U μM) for 30 min. Cumulative dose 
response curves of mesenteric arteries to Ang II and phenylephrine (PE) 
were obtained. 

S. Jiang et al.                                                                                                                                                                                                                                    



Redox Biology 46 (2021) 102115

3

2.5. Pressor response to acute administration of Ang II 

Mice were anesthetized with inhaled isoflurane placed on a 
temperature-controlled operating table to maintain body temperature at 
37.0 ± 1.0 ◦C, as described previously [27]. Then, the right carotid ar
tery and left jugular vein were isolated. A catheter (PE-10) was inserted 
into the right carotid artery for blood pressure measurement with a 
PowerLab (ADInstruments, CO, USA) and another catheter was inserted 
into the left jugular vein for administration of TMAO, Tempol, KN-93 or 
Ang II dissolved by saline. TMAO, Tempol and KN-93 were given 30 min 
before Ang II treatment. 

2.6. Statistical analyses 

Statistical analyses were performed using Prism 8. One-way ANOVA 
or two-way ANOVA followed by Dunnett’s post hoc test or Turkey’s post 
hoc test, respectively (when multiple groups were compared). 2-tailed 
Student’s t-test was performed when only two groups were compared. 
Data are presented as a mean ± SEM, and a P < 0.05 is considered 
statistically significant. 

3. Results 

3.1. TMAO aggravates Ang II–induced hypertension and impairs renal 
GFR 

In mice, there were no significant differences in systolic blood 
pressure (SBP) among all groups at baseline. TMAO or antibiotics 
treatment had marginal effects on SBP. In the Ang II–infused mice, hy
pertension was aggravated by treatment with TMAO, but ameliorated by 
the supplementation of antibiotics. SBP was measured by tail-cuff 
(Fig. 1A). GFR gradually decreased from 239 ± 14 μl/min at baseline 
to 193 ± 6 μl/min at month two and 158 ± 16 μl/min at month six in 
mice treated with TMAO alone (Fig. 1B). To explore a relationship be
tween circulating TMAO and Ang II-induced hypertension, we measured 
plasma TMAO and Ang II levels in all groups of mice. In Ang II infused 
mice, plasma Ang II level was higher than that in saline infused mice 
(Fig. S1A). In TMAO treated mice, plasma TMAO level was higher than 
that in control mice. Treatment of mice with antibiotics significantly 
reduced plasma TMAO levels (Fig. S1B). However, hepatic flavin- 
containing monooxygenase 3 (FMO3) expression was not significantly 
different among all groups (Fig. S1C). In mice treated with TMAO for six 
months, serum Blood Urea Nitrogen (BUN) and renal fibrosis were 
upregulated, but serum creatinine has no obvious change (Fig. S2). 
Overall, these data indicate that TMAO promotes Ang II-induced hy
pertension, impairs renal GFR, and leads to renal injury. Knockdown of 
endogenous gut microbiota by antibiotic cocktail reduces TMAO gen
eration, which ameliorates Ang II-induced hypertension. 

3.2. TMAO exacerbates Chronic Ang II infusion induced vascular 
dysfunction in afferent arterioles and mesenteric arteries 

Vasoconstriction in the mesenteric artery or afferent arteriole (Af) 
were assessed by myograph or microperfusion, respectively. In TMAO- 
treated mice, vasoconstrictions to Ang II were significantly enhanced 
in Af (Fig. 2B) and mesenteric arteries (Fig. 2C) compared with vehicle- 
treated mice. Interestingly, in Ang II-infused mice treated with TMAO, 
vasoconstrictions to Ang II were also enhanced in mesenteric artery and 
Af when compared to Ang II-infused mice treated with vehicle. Chronic 
Ang II infusion did not affect the vasoconstriction to Ang II in the 
mesenteric artery from vehicle-treated mice, but in Af from the same 
mice, Ang II-induced vasoconstriction was enhanced by chronic Ang II 
infusion. In addition, when Ang II-infused mice were treated with an
tibiotics, the enhancement of Ang II-induced vasoconstriction in Af was 
inhibited. Pretreatment with phospholipase C (PLC) inhibitor U73122 
completely blocked the Ang II-induced vasoconstriction in mesenteric 

artery in all groups of mice (Fig. 2 D). There was no difference in 
phenylephrine (PE)-induced vasoconstriction in mesenteric artery in all 
groups of mice (Fig. 2E). The vasoconstriction of mesenteric artery in 
response to PE was partially (≈30%) inhibited by U73122 (Fig. 2F). 
Taken together, these results indicate that chronic administration of 
TMAO via drinking water enhances Ang II-induced vasoconstriction via 
PLC. 

3.3. Acute administration of TMAO increases the pressor response to Ang 
II and AT1R-Dependent vessel contraction 

To determine the direct effect of TMAO on blood pressure and 
vascular tone, we used different concentrations of TMAO to treat mice or 
blood vessel. A PE-10 catheter was inserted into the right carotid artery, 
and the blood pressure changes were recorded under anesthesia. Low 
concentrations of TMAO do not affect blood pressure, however, high 
concentrations of TMAO directly increase blood pressure (Fig. 3A). To 
examine the effect of TMAO on vascular tone, we used isolated renal Af 
and mesenteric artery. Low concentrations of TMAO do not affect 
vascular tone, however, high concentrations of TMAO directly contract 
Af and mesenteric artery (Fig. 3B and C). In another experiment, 5 min 
after intubation, Ang II (250 ng/kg, 2 μl/g) was first applied intrave
nously. There is no difference in acute pressor responses to Ang II be
tween the two groups of mice during the first application. Ten minutes 

Fig. 1. Chronic administration of TMAO aggravates angiotensin II (Ang 
II)-induced hypertension and impairs renal glomerular filtration rate 
(GFR). (A) Systolic blood pressure (SBP) in mice delivered saline, Ang II (400 
ng/kg− 1min− 1), TMAO (1%) and/or an antibiotic cocktail (n = 4–7; *P < 0.05 
vs Control, #P < 0.05 vs Ang II). (B) Time course of glomerular filtration rate 
(GFR) in mice treated with TMAO (n = 5–6; *P < 0.05 vs 0). Statistical dif
ferences were calculated by two-way ANOVA followed by Dunnett’s post hoc 
test (A), one-way ANOVA followed by Turkey’s post hoc test (B). 

S. Jiang et al.                                                                                                                                                                                                                                    



Redox Biology 46 (2021) 102115

4

after intubation, TMAO (0.3 mg/kg, 2 μl/g) or saline was administered 
intravenously, the pressor response to the second application of Ang II 
was significantly increased as compared with saline group (12.2 ± 1.9 vs 
20.6 ± 1.4 mmHg; P < 0.05 versus NaCl). The interval between the two 
intravenous administrations of Ang II was 25 min (Fig. 3D). Af pre
treatment with 250 μM TMAO for 1 h significantly increased maximum 
vasoconstriction in response to 0.1 μM Ang II (Fig. 3E). Ang II type 1 
receptor (AT1R) antagonist ZD7155 blocked the effect of TMAO on Ang 
II-induced constriction in Af (Fig. S3A). Conversely, Ang II type 2 

receptor (AT2R) antagonist PD123319 did not significantly influence 
TMAO-induced increase in vasoconstriction to Ang II (Fig. S3B). These 
findings suggest that the pressor response to Ang II is enhanced by 
TMAO, accompanied by the augmentation of Ang II-induced vasocon
striction of Af via AT1R. 

3.4. TMAO activates the PERK/elF2α/chop/ERO1-α pathway 

Since TMAO binds and activates Protein Kinase R-like Endoplasmic 

Fig. 2. Chronic administration of TMAO augments Ang II-induced vasoconstriction of mesenteric artery and afferent arterioles via activation of phos
pholipase C (PLC). Vasoconstriction in afferent arteriole (Af) or mesenteric artery were assessed by microperfusion or wire myograph. (A) Representative images of 
the isolated perfused Af before (Basal) and during administration of 10− 9 and 10− 6 mol/L Ang II. Concentration-response curves to Ang II of Af (B) or mesenteric 
artery (C) from TMAO, Antibiotics or vehicle-treated mice infused with saline or Ang II (n = 4–14; *P < 0.05 vs Control, #P < 0.05 vs Ang II, $P < 0.05 vs Ang II+
Antibiotics). (D) Mesenteric artery response to Ang II in the presence of PLC inhibitor U73122 (n = 8). (E) Mesenteric artery contraction response to phenylephrine 
(PE). (F) Effect of U73122 on PE induced vasoconstriction of mesenteric artery (n = 6). Statistical differences were calculated by two-way ANOVA followed by 
Dunnett’s post hoc test (B–F). 
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Reticulum Kinase (PERK) [20], we tested whether activation of PERK by 
TMAO is involved in the observed elevation of Ang II-induced vaso
constriction. Treatment with 250 μM TMAO for 1 h enhanced phos
phorylation of PERK in Af detected by immunofluorescence (Fig. 4A). 
Immunohistochemical revealed that the expression of p-PERK was also 
enhanced in Af from mice treated with TMAO for six months (Fig. S4). 

In addition, VSMC were treated with various concentrations of 
TMAO (0.025–10 mM) for 24 h. The phosphorylation levels of PERK and 
its downstream target eIF2α were enhanced by TMAO. The total protein 
levels of CHOP and ERO1-α were also augmented by TMAO (Fig. 4B). A 
time-dependent increase in p-PERK, p-eIF2α, CHOP and ERO1-α levels 
were observed when VSMC were treated with 100 μM TMAO for various 
durations (Fig. 4C). 

3.5. Overproduction of ROS contributes to the potentiating effects of 
TMAO on Ang II response 

It is well known that activation of PERK/eIF2α/CHOP/ERO1-α 
pathway results in overproduction of ROS [30,31], which can effectively 
facilitate Ang II-induced hypertension and vasoconstriction [5]. There
fore, we next assessed the role of ROS in the TMAO-evoked enhancement 
of Ang II-induced vasoconstriction and pressor response. ROS scavenger 
Tempol blocked TMAO induced strengthening of the pressor response to 
an acute administration of Ang II. Right carotid artery was catheterized 
to detect blood pressure under anesthesia (Fig. 5A). Tempol blocked the 
TMAO-evoked enhancement of Ang II-induced vasoconstriction in Af 
(Fig. 5B). Treatment with TMAO (250 μM, 1 h) or CCT020312 (a se
lective PERK activator; 10 μM, 1 h), increased cytoplasmic and mito
chondrial superoxide generation in Af (Fig. 5C and D). In separate sets of 
experiments, cytoplasmic and mitochondrial superoxide levels 

Fig. 3. Acute administration of TMAO 
increases pressor response and vasocon
striction to Ang II. (A) Direct effect of 
TMAO on SBP (n = 4–5; *P < 0.05 vs NaCl). 
(B–C) Direct effect of TMAO on vascular 
tone in Af and mesenteric artery (n = 4–5; 
*P < 0.05 vs 0). (D) The changes of SBP 
during two intravenous bolus injections of 
0.25 μg/kg Ang II. Five minutes after the 
first injection of Ang II, TMAO or saline was 
administered (n = 6–7; *P < 0.05 vs NaCl). 
(E) The changes of Ang II caused vasocon
striction in the absence or presence of TMAO 
(n = 6–7, *P < 0.05 vs Control). Statistical 
differences were calculated by two-way 
ANOVA followed by Dunnett’s post hoc 
test (A, D and E), one-way ANOVA followed 
by Turkey’s post hoc test (B–C). 1st, First 
Application; 2nd, Second Application.   
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increased by incubation of VSMC with TMAO (100 μM, 24 h). These 
effects were inhibited by PERK inhibitor GSK2606414 (2 μM, 24 h) and 
mitochondria ROS scavenger MitoTempo (10 μM, 24 h). However, 
cytoplasmic ROS scavenger Tempol (100 μM, 24 h) only blocked the 
TMAO effects on cytoplasmic superoxide. We also observed that Ang II 
alone upregulated cytoplasmic and mitochondrial superoxide levels; 
these effects were further enhanced by pre-incubation of VSMC with 

TMAO (Fig. 5E). The oxidative stress markers, including SOD activity, 
Catalase activity, MDA and superoxide levels in kidney tissue from mice 
treated with TMAO for six months were assessed by commercial kits or 
DHE staining, respectively. The results showed that TMAO promotes 
oxidative stress in kidney (Figs. S5 and S6). These data demonstrate that 
activation of PERK by TMAO greatly enhances ROS generation, which 
augments Ang II-induced vasoconstriction and its pressor response. 

Fig. 4. TMAO activates the PERK/elF2α/ 
Chop/ERO1-α pathway. (A) Effect of 1 h 
preincubation with TMAO (250 μM) on the 
phosphorylation of PERK in Af. (B–C) The 
levels of p-PERK, PERK, p-elF2α, elF2α, 
CHOP and ERO1-α were detected by western 
blotting after incubation of mouse vascular 
smooth muscle cell (VSMC) with various 
concentrations of TMAO for 24 h or a fixed 
concentration of TMAO (100 μM) for 
different time periods (n = 3; *P < 0.05 vs 
0). Statistical differences were calculated by 
one-way ANOVA followed by Turkey’s post 
hoc test (B–C).   
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3.6. Activation of calmodulin-dependent protein kinase II (CaMKII) by 
ROS is involved in the potentiating effects of TMAO on Ang II responses 

Excessive ROS oxidizes CaMKII at Met-281/282 (Ox-CaMKII) and 
phosphorylates CaMKII (p-CaMKII) at Thr-286, which enhances the ac
tivity of CaMKII [32,33]. Inhibition of CaMKII activity reduces 
endothelin-1 and Ang II-induced vasoconstriction [34,35]. To determine 
whether CaMKII is involved in TMAO-induced Ang II response 
strengthening, an inhibitor of CaMKII, KN-93, was used. KN-93 blocked 
TMAO enhanced vasoconstriction and the pressor response to Ang II. 
Blood pressure was continuously recorded under anesthesia by right 
carotid arterial cannula (Fig. 6A and B). Moreover, oxidation and 
phosphorylation of CaMKII (Ox-CaMKII and p-CaMKII) were increased 
in VSMC treated with TMAO (Fig. 6C). VSMC exposed to 100 μM TMAO 
for various durations also enhanced levels of Ox-CaMKII and p-CaMKII 
(Fig. 6D). GSK2606414, Tempol and KN-93 blocked the TMAO-induced 
enhancement of Ox-CaMKII and p-CaMKII expression (Fig. S7). Taken 

together, these data suggest that TMAO enhanced Ang II response is 
mediated via CaMKII, which can be activated by excessive ROS 
generation. 

3.7. Phosphorylation and activation of PLCβ3 by CaMKII in the 
potentiating effects of TMAO on Ang II response 

CaMKII phosphorylates and activates phospholipase C β3 (PLCβ3) at 
Ser-537 [36,37]. In human platelets, pre-incubation with TMAO aug
ments inositol-1,4,5-trisphosphate (IP3) generation, which is produced 
by various PLC isoforms and triggers intracellular Ca2+ release [21]. 
There was no significant effect of TMAO on Ang II-induced vasocon
striction when Af was pretreated with PLC inhibitor U73122 (Fig. 7A). In 
VSMC, Ang II-induced PLC activation and IP3 formation were 
augmented by TMAO treatment (Fig. 7B and C). Furthermore, TMAO 
progressively increased the phosphorylation levels of PLCβ3 (p-PLCβ3) 
and PKC-pan (p-PKC-pan) in a dose- and time-dependent manner 

Fig. 5. Reactive oxygen species (ROS) are 
involved in regulating the effect of TMAO 
on Ang II-induced pressor responses and 
vasoconstriction. The changes of the Ang 
II-induced pressor response (A) and vaso
constriction (B) in the presence of cyto
plasmic ROS scavenger Tempol or 
Tempol+TMAO (n = 4; *P < 0.05 vs 
NaCl+Tempol or Control+Tempol). (C–D) 
Afs were incubated with TMAO (250 μM) or 
CCT020312 (10 μM) for 1 h and then cyto
plasmic superoxide or mitochondrial super
oxide were measured by staining with DHE 
or MitoSOX, respectively (n = 3–4; *P <
0.05 vs Control). (E) Changes in cytoplasmic 
superoxide and mitochondrial superoxide 
levels in VSMC incubated with TMAO, PERK 
inhibitor GSK, mitochondrial ROS scavenger 
MitoTempo, cytoplasmic ROS scavenger 
Tempol or Ang II (n = 6–18; *P < 0.05 vs 
Control, $P < 0.05 vs Control+Tempol, #P 
< 0.05 vs Control+Ang II). Statistical dif
ferences were calculated by two-way 
ANOVA followed by Dunnett’s post hoc 
test (A–B), one-way ANOVA followed by 
Turkey’s post hoc test (C–E). 1st, First 
Application; 2nd, Second Application; GSK, 
GSK2606414; CCT, CCT020312.   
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(Fig. 7D and E). GSK2606414, Tempol, KN-93 and U73122 inhibited 
TMAO-induced enhancement of p-PLCβ3 expression (Fig. S8). Thus, 
TMAO activates PLCβ3 through the PERK/ROS/CaMKII pathway. Acti
vated PLCβ3 mediates Ang II-induced vasoconstriction of Af. 

3.8. TMAO promotes Ang II-Triggered intracellular Ca2+ release 

Fig. 8A shows representative images of Ang II-triggered intracellular 
Ca2+ changes in isolated perfused Af. Pre-incubation with TMAO (250 
μM) for 1 h significantly increased Ang II-induced release of Ca2+ in Af, 
which was blocked by U73122 and Tempol. Similar results were 
observed in VSMC treated with TMAO. GSK2606414, Tempol, KN-93, 
U73122 and BAPTA-AM (intracellular Ca2+ chelator) blocked TMAO- 
evoked augmentation of Ang II-induced Ca2+ mobilization in VSMC 
(Fig. 8B). Notably, TMAO enhanced Ang II-triggered intracellular Ca2+

release through PERK/ROS/CaMKII/PLCβ3 axis, which was further 
conformed in mice treated with TMAO for six months (Figs. S9 and S10). 

3.9. SBP, SOD activity, creatinine and BUN are correlated with plasma 
TMAO concentrations in normotensive and hypertensive adults 

In hypertensive patients, plasma TMAO (Fig. 9A), SOD activity 
(Fig. 9C) and creatinine (Fig. 9E) were increased compared with 
normotensive controls. Hypertension did not affect plasma BUN levels 
(Fig. 9G). Linear regression analysis indicated that SBP positivity 
correlated with plasma TMAO concentration (Fig. 9B). Plasma SOD 
activity negatively correlated with TMAO concentration (Fig. 9D). 
Plasma creatinine and BUN positivity correlated with TMAO 

concentration (Fig. 9F and H). Collectively, these data illustrate that 
TMAO may be involved in the pathogenesis of hypertension and renal 
injury via activating of oxidative stress. 

4. Discussion 

Major findings of the present study are that the gut microbiota 
metabolite TMAO directly constricts arterioles, sensitizes blood pressure 
responses to Ang II and lowers GFR. TMAO does so by activating PERK 
and its downstream ROS/CaMKII/PLCβ3/Ca2+ pathway, which en
hances Ang II-induced vasoconstriction. Depleting gut microbiota by 
antibiotics reduced TMAO generation, thereby alleviating Ang II- 
induced hypertension. In hypertensive patients, plasma levels of 
TMAO correlated positively with the blood pressure. 

As a bioactive metabolite of gut microbiota, TMAO plays a critical 
role in the progression of many diseases, including chronic kidney dis
ease [18], obesity [17], atherosclerosis [15], diabetes [38] and aging 
[39]. An elevation in circulating TMAO concentration is commonly 
observed in these disease states. For instance, TMAO plasma concen
tration is positively correlated with blood pressure and negatively 
associated with estimated GFR [38]. The present study demonstrates 
that TMAO aggravates Ang II-induced hypertension in mice and reduces 
GFR, which is consistent with the prior clinical report. The antibiotics 
treatment procedure successfully reduced TMAO levels, as shown before 
[21,40] and blunted Ang II-induced hypertension in mice, indicating 
that decreasing TMAO levels may be a potential therapeutic approach 
for the treatment of hypertension. 

Several studies underscore the microbiome’s role in maintaining 

Fig. 6. Calmodulin-dependent protein kinase II (CaMKII) is involved in regulating the effect of TMAO on Ang II-induced pressor response and vaso
constriction. (A–B) The changes of Ang II-induced pressor response and vasoconstriction in the continuous presence of CaMKII inhibitor KN-93 or KN-93 + TMAO 
(n = 4). (C–D) The levels of Ox-CaMKII, p-CaMKII and CaMKII were detected by western blotting after incubation of VSMC with various concentrations of TMAO for 
24 h or a fixed concentration of TMAO (100 μM) for different time periods (n = 3; *P < 0.05 vs 0). Statistical differences were determined by two-way ANOVA 
followed by Dunnett’s post hoc test (A–B), one-way ANOVA followed by Turkey’s post hoc test (C–D). 1st, First Application; 2nd, Second Application; 
GSK, GSK2606414. 
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hypertension. Karbach et al. report that Ang II-induced hypertension is 
alleviated in Germ-Free mice [10]. Moreover, high-fiber diet and acetate 
supplementation blunt DOCA-salt-induced hypertension by modifying 
gut microbiota [13]. In agreement with the latter, the anti-inflammatory 
antibiotic, minocycline, blunts Ang II-induced hypertension, again by 
altering gut microbiota composition [41]. The present study adds to our 
understanding by putting forward TMAO as a potential link between gut 
microbiota and hypertension. 

Although many studies show an inverse association between plasma 
TMAO levels and eGFR in CKD [18,42], type 2 diabetic [38] and heart 
failure [43], the present study is the first to show that TMAO decreases 
GFR. Resistance of afferent and mesenteric arterioles play an important 
role in controlling blood pressure [5,24,44]. It is the afferent arterioles 
that regulate GFR [4,45]. High circulating TMAO levels impair endo
thelial nitric oxide synthase (eNOS)-derived NO production and reduce 
endothelium-dependent vasorelaxation of the aorta in response to 
acetylcholine [22,23]. We show that chronic administration of TMAO 
enhances Ang II contractions in Af and mesenteric arteries, which is 
confirmed by the whole animal experiments. Af and mesenteric arteries 
may therefore be seen as targets of TMAO with regard to Ang II-induced 
hypertension and GFR. 

Although a large number of studies reveal that various intracellular 
signaling pathways are affected by TMAO [21,46,47], the receptor for 
TMAO remains enigmatic. Several studies indicate that TMAO acts as a 
small-molecule protein chaperone [48] to stabilize proteins, which 
consequently reduces PERK activity and endoplasmic reticulum (ER) 
stress [49]. PERK is an ER stress kinase. Inositol-requiring protein 1α 

(IRE1α), activating transcription factor 6 (ATF6) and PERK are three 
unfolded protein response (UPR) branches [50]. Under normal condi
tions, the protein chaperone HSPA5 (also known as GRP78 or BiP) binds 
and inactivates PERK. When perturbed (e.g., by calcium depletion or 
lipid overload), the unfolded proteins accumulate and recruit HSPA5, 
which activates PERK [51]. Recently, Chen et al. demonstrated that 
pathological concentrations of TMAO (0.05 mM) bind and activate 
PERK causing metabolic dysfunction [20]. TMAO binds to the luminal 
domain of PERK and disrupts the suppressive interaction between 
HSPA5 and luminal domain of PERK, which may account for the acti
vation of PERK. Unexpectedly, TMAO binds and activates PERK because, 
as mentioned above, TMAO reduces PERK activity and ER stress by 
acting as a protein chaperone [48,49]. Different TMAO concentrations 
can induce opposite effects of TMAO on PERK. In the study by Chen 
et al., pathophysiological concentration of TMAO (0.05 mM) increases 
p-PERK, which is reduced by pharmacological TMAO (300 mM) treat
ment [20]. In several other studies, pharmacological concentrations 
(100–2000 mM) of TMAO decrease p-PERK [49]. On the other hand, 
ER-stress and PERK are involved in vasoconstriction and blood pressure 
regulation [52,53]. Our results are consistent with these findings. 
Therefore, we conclude that activation of PERK by pathophysiological 
concentration of TMAO can account for the augmentation of Ang 
II-induced vasoconstriction. 

ROS production may mediate TMAO’s enhancement of Ang II vaso
constriction. Activation of PERK causes excessive ROS production 
through induction of ER oxidoreductase 1-α (ERO1-α) [30,31,54]. 
ERO1-α is a eukaryotic flavin adenine nucleotide-containing enzyme 

Fig. 7. Activation of the PLCβ3/IP3/Ca2þ pathway by TMAO promotes Ang II-induced vasoconstriction. (A) Effect of U73122 treatment on Ang II-induced 
vasoconstriction in the absence or presence of TMAO (n = 4; *P < 0.05 vs Control+U73122). (B–C) Effect of TMAO on Ang II-induced PLC activation and IP3 
formation in VSMC (n = 6–12; *P < 0.05 vs Control, #P < 0.05 vs Control+Ang II). (D–E) The levels of p-PLCβ3 and p-PKC were detected by western blotting after 
incubation of VSMC with various concentrations of TMAO for 24 h or a fixed concentration of TMAO for different time periods (n = 3; *P < 0.05 vs 0). Statistical 
differences were calculated by two-way ANOVA followed by Dunnett’s post hoc test (A), one-way ANOVA followed by Turkey’s post hoc test (B–E). 
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located in the ER that produces H2O2, which can increase the ROS 
burden of cells. ER-stress activates PERK/EIF2α/CHOP signaling 
pathway, which upregulates ERO1-α expression [30,31,54]. Conse
quently, overexpression of ERO1-α leads to excessive ROS generation. 
We observed that TMAO stimulates the PERK/EIF2α/CHOP/ERO1-α 
signaling pathway causing excessive ROS generation. Since ROS play an 
important role in regulating Ang II-induced vasoconstriction [5,24], we 
suggest that PERK activation by TMAO enhances ROS generation, which 
contributes to the augmentation of Ang II-induced vasoconstriction. 

CaMKII (a redox-sensitive enzyme) may be a key player downstream 
of PERK/ERO1-α/ROS axis to enhance Ang II vasoconstriction. Exces
sive ROS production activates CaMKII by oxidation of methionine 281/ 
282 (Ox-CaMKII) [33], but CaMKII can also be activated by 

phosphorylation at threonine 286 by excessive ROS [32,55]. The present 
study shows that TMAO enhances CaMKII activity via the proposed 
PERK/ERO1-α/ROS axis. Interestingly, CaMKII inhibition blunts Ang 
II-induced hypertension [56] and agonists-stimulated vasoconstriction 
[34,57], which is in line with our conclusion. 

It is well known that Ang II elicits vascular contraction by activating 
AT1R/PLC/IP3/Ca2+ pathway. In human platelets, pre-incubation with 
TMAO augments inositol-1,4,5-trisphosphate (IP3) generation, which is 
produced by various PLC isoforms and triggers intracellular Ca2+ release 
[21]. CaMKII phosphorylates and activates phospholipase C β3 (PLCβ3) 
at Ser-537 [36,37]. Our results suggest that TMAO activates PLCβ3 via 
PERK/ROS/CaMKII. We therefore conclude that TMAO enhances Ang 
II-induced vasoconstriction and hypertension via 

Fig. 8. TMAO promotes Ang II-evoked 
intracellular Ca2þ release. (A) Represen
tative images of the isolated perfused Afs 
loaded with fluo-4 AM for measurement of 
intracellular Ca2+. In the presence of TMAO, 
Ang II triggered intracellular Ca2+ release 
was significantly increased, which was 
blocked by U73122 and Tempol (n = 3–5; 
*P < 0.05 vs Control). (B) Representative 
images and summarized data showing that 
TMAO enhances intracellular Ca2+ release of 
VSMC in response to Ang II (0.1 μM), which 
was impaired by GSK, Tempol, KN-93, 
U73122 and BAPTA-AM (n = 4–8; *P <
0.05 vs Control, #P < 0.05 vs TMAO). Sta
tistical differences were calculated by two- 
way ANOVA followed by Dunnett’s post 
hoc test (A), one-way ANOVA followed by 
Turkey’s post hoc test (B). GSK, 
GSK2606414.   
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PERK/ROS/CaMKII/PLCβ3. 
Several in vivo studies have documented that inhibition of the PERK/ 

eIF2α/Chop pathway decreases arterial blood pressure in animal models 
of hypertension [53,58,59]. Intraperitoneal injection of PERK inhibitor 
GSK2606414 ameliorates vascular remodeling [60], which is a major 
pathophysiological event in hypertension [61]. Deletion of Chop in Ang 
II-infused mice impairs U-46619-induced vasoconstriction. This can 
explain why hypertension is ameliorated by knockout of Chop in Ang 
II-infused mice [59]. On the other hand, Chop deletion may reduce ROS 
as verified by animal studies [31,62]. Oral administration of 
GSK2606414 attenuates the overproduction of mitochondrial ROS in 
T-cell via inhibition of ERO1α, which is also observed in T-cell-specific 
PERK knockout mice [63]. Of note, multiple animal studies demonstrate 
that ROS is closely associated with the development of hypertension 
[64–66]. Among them, Kawada et al. and Dikalova et al. report that 
treatment of Ang II-infused mice with Tempol or mitoTempo reduce the 
Ang II action on blood pressure, respectively [65,66]. In addition, 
Tempol and mitoTempol also attenuate enhanced vasoconstriction in 

animal models of diabetes [67] and hypertension [65]. Numerous in 
vivo studies have demonstrated that excess ROS activate CaMKII [32, 
33]. Meanwhile, CaMKII also can be effectively inhibited in vivo by 
Tempol [68]. Overexpression of CaMKII exacerbates Ang II-induced 
hypertension [69]. In Ang II-infused rats, CaMKII inhibitor KN-93 
blunts Ang II-elevated blood pressure [56]. Remarkably, disruption of 
CaMKII in mice inhibits Ang II-induced vasoconstriction [35]. Chronic 
administration of KN-93 inhibits Ang II, NE and ET-1 induced vaso
constriction in diabetic mice [70]. 

Several lines of evidence indicate that CaMKII phosphorylates and 
activates PLCβ336, 37. It is well-known that PLCβ mediates Ang II- 
induced vasoconstriction and plays a major role in regulating blood 
pressure [3]. Aortic ligation-induced hypertensive rats administrated 
with U73122 show reduced mean arterial pressure [71]. Taken together, 
there is ample in vivo evidence confirming that hypertension is pro
moted by the PERK/ROS/CaMKII/PLCβ3 pathway. The inhibitor’s ex 
vivo effects may be extrapolated to our in vivo findings. 

Fig. 9. Plasma TMAO is correlated with 
SBP, SOD activity, creatinine and BUN in 
normotensive and hypertensive adults. 
Plasma levels of TMAO (A), SOD activity 
(C), creatinine (E) and BUN (G) in normo
tensive (n = 32) or hypertensive patients (n 
= 37) (*P < 0.05 vs Normotensive). Corre
lation analysis of plasma TMAO with SBP 
(B), SOD activity (D), creatinine (F) and 
BUN (H). Statistical differences were calcu
lated by the paired T-test (A, C, E and G), 
The correlation between 2 parameters was 
evaluated by Pearson correlation test (B, D, 
F and H).   
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5. Conclusion 

TMAO promotes Ang II-induced hypertension through Ang II- 
induced vasoconstriction that is mediated by the PERK/ROS/CaMKII/ 
PLCβ3/Ca2+ axis. These findings provide new insights into the patho
genesis of hypertension and identify TMAO as a potential therapeutic 
target and biomarker. 
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