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Abstract 

The regulation of vascular tone by perivascular tissues is a complex interplay of various paracrine factors. Here, we 
investigate the anti-contractile effect of skeletal muscle surrounding the femoral and carotid arteries and its underlying 
mechanisms. Using male and female Wistar rats, we demonstrated that serotonin, phenylephrine, and U-46619 induced a 
concentration-de pendent v asoconstrictor r esponse in femoral arter y rings. Inter estingl y, this r esponse w as diminished in 

the presence of surrounding femoral skeletal muscle, irrespective of sex. No anti-contractile effect was observed when the 
car otid arter y w as exposed to its surr ounding skeletal m uscle. The observ ed effect in the femoral arter y persisted ev en in 

the absence of endothelium and when the muscle was detached from the artery. Furthermore, the skeletal muscle 
surrounding the femoral artery was able to promote an anti-contractile effect in three other vascular beds (basilar, 
mesenteric, and carotid arteries). Using inhibitors of lactate dehydrogenase and the 1/4 monocarboxylate transporter, we 
confirmed the inv olv ement of lactate, as both inhibitors were able to abolish the anti-contractile effect. However, lactate did 

not dir ectl y pr omote v asodilation; rather, it exerted its effect by acti v ating 5 ′ AMP-acti v ated pr otein kinase (AMPK) and 

neuronal nitric oxide synthase (NOS1) in the skeletal muscle. Accordingly, N ω-propyl l -arginine, a specific inhibitor of 
NOS1, pr ev ented the anti-contr actile effect, as w ell as lactate-induced phosphor ylation of NOS1 at the stim ulator y serine 

Submitted: 19 June 2024; Revised: 9 September 2024; Accepted: 11 September 2024 

© The Author(s) 2024. Published by Oxford Uni v ersity Pr ess on behalf of American Physiological Society. This is an Open Access article distributed under 
the terms of the Cr eati v e Commons Attribution License ( https://creativecommons.org/licenses/by/4.0/ ), which permits unrestricted reuse, distribution, 
and r e pr oduction in any medium, pr ovided the original work is pr operl y cited. 1 

http://www.oxfordjournals.org
mailto:Camilla.Wenceslau@uscmed.sc.edu
https://creativecommons.org/licenses/by/4.0/


2 FUNCTION , 2024, Vol. 00, No. 0 

site (1417) in primary skeletal muscle cells. Phosphorylation of NOS1 was reduced in the presence of Bay-3827, a selective 
AMPK inhibitor. In conclusion, femoral artery-associated skeletal muscle is a potent paracrine and endocrine organ that 
influences vascular tone in both sexes. Mechanistically, the anti-contractile effect involves muscle fiber type and/or its 
anatomical location but not the type of artery or its related vascular endothelium. Finally, the femoral artery 
anti-contractile effect is mediated by the lactate-AMPK-phospho-NOS1 Ser1417 -NO signaling axis. 

Ke y w ords: skeletal muscle; anticontractile response; vascular function; nitric oxide synthase; nitric oxide; lactate 
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aintaining adequate blood flow is essential for the function-
ng of all physiological systems in the body. Skeletal muscle
ccounts for appr oximatel y 40% of total body weight and is an
rgan with high metabolic demands. Therefore, the synergism
etween the skeletal muscle and the car dio vascular system is
rucial for balancing the demand and supply of gases, nutrients,
nd ions necessary for maintaining physiological processes. 1 

hysiological adjustments to meet all demands during physi-
al exercise have been extensi v el y studied. 2–4 However, whether
keletal muscle can regulate moment-to-moment blood flow
nder resting conditions is unknown. 

Resear c h into the role of peri v ascular adipose tissue (PV A T)
as been intensely studied in recent years, emphasizing the
rucial role of this tissue in regulating vascular function and
echanics. 5–9 Specifically, PVAT r eleases sev eral v asoacti v e sub-

tances, including nitric oxide (NO), hydrogen peroxide (H 2 O 2 ),
diponectin, and others, promoting an anti-contractile effect in
ealthy conditions. 5–8 The anti-contractile effects of PV A T are
resent in almost all vascular beds where adipose tissue sur-
ounds the vessels. However, the vasoactive factors released by
V A T differ among the vessels and depend on the type of fat
omposing the PV A T. 9 , 10 

Skeletal muscle is considered a paracrine and endocrine
rgan that can release cytokines, peptides, and some vasoac-
i v e substances that influence the metabolism and function
f the other tissues it surrounds; these factors are known as
 y okines. 11 , 12 Ther efor e , w e questioned whether skeletal mus-
le would exert an anti-contractile effect, similar to that of PV A T.
o approach this question, we selected two conduit arteries,
ach surrounded by distinct skeletal muscle fiber types and
ocated in different regions: the carotid and femoral arteries.
hese arteries present an insignificant amount of PV A T and
r e surr ounded pr edominantl y b y the sternoh yoid and adductor
 uscles, r especti v el y. W ith that, we h ypothesized that skeletal
uscle mediates an anti-contractile effect on vascular tone, and

his response would depend on the type of surrounding skeletal
uscle. 

aterials and Methods 

nimals 

he Animal Care and Use Committee at the University of South
arolina School of Medicine appr ov ed all animal pr ocedur es
nd protocols used for animal experimentation (IACUC# 2595-
01693-041122). The pr ocedur es followed the National Institutes
f Health Guide for the Care and Use of La borator y Animals
nd Animal Resear c h Reporting of in vivo Experiments (ARRIVE)
uidelines. Experiments were conducted on 3-mo-old male and
emale Wistar rats, obtained from Charles Ri v er La boratories.
ats were maintained on a 12-h light cycle with ad libitum access
o water and a standard chow diet (0.3% NaCl, Harlan Teklad diet
D 7034; Madison, WI, USA). 
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Table 1. Genes and Primers Sequence 

Gene Primer sequence (5 ′ -3 ′ ) 

NOS1 F: GAA CA CGTTTGGGGTTCA GC 

R: CTGAGA TGA TCACGGGAGGC 

MyH7 F: GA GA CGGA CGCCA T A CA GA G 

R: CCTCTGCTTCTTGTCCAGGG 

MyH2 F: CCCTCA GA GA GA GCA GA GGT 

R: TVTA GGA GCCCCA GAA GA CC 

MyH1 F: CGGTCGAAGTTGCA TCCCT A 

R: TTA CA GTA GCGCCA CCTTCG 

MyH4 F: A GA GA GGA GCA GGA GA GTGG 

R: TGTCCTCCATCTCTCCCTGG 

GAPDH F: TGTTCCAGT A TGACTCT ACC 

R: GGGAGTTGTCA T A TTTCTCG 
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ascular Reactivity 

ats were anesthetized with 5% isoflurane (1 L/min 100% oxy- 
en), and following the loss of their righting reflex, were killed 

y exsanguination. The femoral and carotid arteries, with their 
 especti v e skeletal muscles, were then removed. In the absence 
r presence of their respective skeletal muscle, 2 mm rings 
ere mounted onto DMT wire m y ogr aphs (Danish My oTec h, 
arhus, Denmark) and kept in a Krebs solution (composition 

n m m : 118 NaCl, 24.9 NaHCO3, 4.7 KCl, 1.2 MgSO4.7H2O, 2.5 
aCl2, 1.2 KH2PO4, 5.6 glucose, and 0.026 Na2-EDTA). As previ- 
usly described, 13 both arteries were normalized to their opti- 
al lumen diameter for acti v e tension dev elopment. Arteries 
er e initiall y contr acted using 120 mmol/L potassium c hloride 

KCl) to test vascular smooth muscle cell integrity. Serotonin 

oncentration-r esponse curv es (5-HT; 1 nmol/L to 100 μmol/L) 
ere performed in the carotid and femoral arteries. Due to 

he car otid arter y’s lac k of anti-contr actile effect, the remain- 
ng mechanistic experiments were conducted only on the 
emoral artery. To verify whether this anti-contractile effect 
 as r ece ptor-de pendent, two additional a gonists wer e tested, 
henylephrine (Phe; 1 nmol/L to 10 μmol/L) and thromboxane 
 2 mimic (U-46619, 0.1 nmol/L to 10 μmol/L). To assess whether 

he physical attachment between the artery and the muscle was 
ecessary for the anti-contractile effect, experiments were car- 
ied out with attached or detached skeletal muscle. For detached 

keletal muscles, isolated muscles were placed and positioned 

ear the artery inside the DMT chamber. With that, we could 

nderstand whether the role of the skeletal m uscle w as due 
o contact (e.g., innervation) and/or to factors released by the 
keletal muscle (see illustration in Figure 2 D). Subsequently, 
o evaluate whether the carotid and femoral responses were 
ue to differences between the muscle type or the type of 
rter y, the car otid, basilar, and superior mesenteric arteries 
ere mounted in the presence of the femoral skeletal muscle. 
oncentration-r esponse curv es wer e performed using the a go- 
ists (Phe 1 nmol/L to 10 μmol/L) or (serotonin, 5-HT; 10 pmol/L 

o 1 μmol/L).To begin elucidating the inv olv ed mechanism, 
emoral arteries with attached skeletal m uscles wer e incubated 

or 30 min prior to their concentration response curves using the 
ollowing inhibitors: the non-specific NOS inhibitor (N 

G -nitro- l - 
rginine methyl ester, 100 μm ), the neuronal nitric oxide syn- 
hase inhibitor ( N -propyl- l -arginine, 2 μm ), the lactate dehy- 
rogenase inhibitor (GSK2837808A, 10 μm ), and the monocar- 
oxylic acid transport inhibitor (2-Cyano-3-(4-h ydroxyphen yl)- 
-propenoic acid, 1 m m ) Furthermore, to evaluate the involve- 
ent of potassium channels, we used specific blockers for 
he following channels: IK Ca (TRAM-34 10 μm ), SK Ca (ULC1684, 
00 n m ), K ATP (Glibencamide, 1 μm ) and BK Ca (Iberiotoxin 100 n m ).

actate Assay 

he skeletal muscles surrounding the femoral and carotid 

rteries (10 mg) wer e r emov ed and the lactate concentration 

 as measur ed following the man ufactur er’s r ecommendations 
ab65331, Abcam). All samples were deproteinized with the 
e pr oteinizing Sample Pr e paration Kit-TCA (a b204708, Abcam). 
he protein concentration was measured using the BCA protein 

ssay kit (ThermoFisher Scientific, 23 227) and was used to nor- 
alize the lactate values obtained. 

T q-PCR 

ccording to the man ufactur er’s instructions, total RNA was 
xtracted from skeletal muscle using TRIzol reagent (Invitro- 
en.; #15596026). cDNA was synthesized from 50 ng of the 
otal extracted RNA using the qPCR-SuperMix-UDG Kit (Bio-Rad 

1708891). Quantitati v e RT-qPCR w as performed using the SYBR 

reen PCR kit (Bio-Rad; #1708882) to amplify genes of interest 
ollowing the specific primers listed ( Ta b le 1 ). Cycle threshold
Ct) values were obtained for each gene. The difference was 
ssigned as �� Ct. The fold change between the two samples 
as then calculated as 2 −�� Ct, a value directly proportional to 

he copy number of complementary DNA and the initial quantity 
f mRNA. The analysis of the mRNA of interest was normalized 

o glyceraldeh yde-3-phosphate deh ydrogenase (GAPDH) and the 
ata wer e expr essed as the fold of change in r elati v e to male
emoral data. 

rimary Skeletal Muscle Cells 

he skeletal muscles surrounding the carotid (sternohyoid) and 

emoral (adductors) arteries wer e r emov ed and cleaned of con- 
ecti v e and adipose tissues using sterile surgical instruments. 
he muscles were cut into small segments and incubated in an 

nzymatic digestion solution [collagenase II (500 U/mL), collage- 
ase D (1.5 U/mL), dispase II (2.5 U/mL), and CaCl2 (2.5 m m )] for
0 min in 37 ◦C water bath, while the tube agitated every 5 min.
fterward, the solution was centrifuged (1100 × g for 5 min) and 

esuspended in a differentiation medium (high glucose DMEM, 
0% horse serum, 10% fetal bovine serum, and 1% penicillin- 
tr e ptom ycin-glutamine). Cells w ere placed in flasks pr etr eated
ith matrigel, and incubated at 37 ◦C, with 5% CO 2 . The growth
edium was changed every 2 days, and when the plates became 

onfluent, the cells were transferred to larger plates. All proce- 
ur es followed pr e-esta b lished pr otocols for skeletal m uscle cell

solation. 14 At the third passage, the cells were placed in 6-well 
lates and treated with Lactate (5 m m ), Lactate plus Bay 3827

selecti v e AMPK inhibitor; 5 μm ), or vehicle for 1 h. 

mmunofluorescence Analysis 

amples from skeletal muscles surrounding the carotid (ster- 
ohy oid) and femor al (adductors) arteries w er e w ashed briefly

n ice-cold PBS and fixed in fresh 4% paraformaldehyde (Thermo 
cientific, J19943-K2) at 4 ◦C for 24 h. Subsequently, the tissues 
ere immersed in 15% sucrose (S5-500, Fisher Scientific) for 

2 h, followed by 30% sucrose ov ernight. Subsequentl y, the tis- 
ues wer e fr ozen in Tissue-Tek R © O.C.T. Compound (4583, Sakura 
inetek) and cut into 6 μm thick sections using a cryostat (HM525 
X, Thermo Fisher Scientific) maintained at −20 ◦C. 15 All primary 
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ntibodies for this experiment were purchased from the Devel-
pmental Studies Hybridoma Bank (Uni v ersity of Iowa, USA),
nd secondary antibodies were pur c hased from Invitrogen, and
hermo Fisher Scientific. Briefly, slides wer e b locked and per-
eabilized for 2 h in PBS (0.01 M) containing 1% bovine serum

lbumin and 0.5% Triton X-100 at room temper ature . Next, slides
ere incubated with primary antibodies against Laminin (2E8
ouse IgG2a, 1:50), MHC I (BA-F8 mouse IgG2b; 1:12,5), and MHC

IB (BF-F3 mouse IgM; 1:25) overnight at 4 ◦C. Afterward, slides
er e w ashed 3 times in PBS for 5 min and then incubated with

econdary antibodies for Laminin (goat anti-mouse IgG2a, Alexa
luor 546; 1:500); MHC I (goat anti-mouse IgG2b, Alexa Fluor 488;
:500); MHC IIb (goat anti-mouse IgM Alexa Fluor 594; 1:500) for
0 min at room temper ature . Slides w ere washed 3 times in PBS
or 5 min and mounted between the slide and coverslip using
luoroshield with DAPI mounting medium (F6057, Sigma). Image
cquisition was performed using the Leica Stellaris 5 confocal
icr oscope fr om the Instrumentation Resource Facility at the
ni v ersity of South Carolina, using a 20 × objecti v e lens. Fluo-
 escence ima ges for each imm unohistochemistr y marker wer e
btained using the same acquisition settings (laser power and
ain) for slides/skeletal muscle from different groups. 

itochondrial Respirometry 

n another set of experiments, dissected skeletal muscle was
sed to evaluate mitochondrial respiration via high-resolution
 espir ometr y. The samples w ere r apidly w eighed and placed in
ce-cold biopsy pr eserv ation solution (BIOPS, 2.8 m m CaK 2 EGTA,
.2 m m K 2 EGTA, 5.8 m m ATP, 6.6 m m MgCl 2 , 20 m m taurine,
5 m m sodium phosphocreatine, 20 m m imidazole, 0.5 m m
ithiothreitol and 50 m m MES, pH = 7.1). 16 Subsequently, the
 uscles wer e permea bilized in a BIOPS solution with 25 μg/mL

f saponin at 4 ◦C with gentle agitation for 30 min. 17 After that,
he tissues wer e w ashed for 10 min with ice-cold MiR05 (0.5 m m
GTA, 3 m m MgCl 2 , 60 m m potassium lactobionate, 20 m m tau-
ine, 10 m m KH 2 PO 4 , 20 m m HEPES, 110 m m sucrose, and 0.1%
w/v) BSA, pH = 7.1), and quickly weighed on a precision bal-
nce, before starting the protocol. Approximately 10-15 mg was
sed to measure mitochondrial respiration rates at 37 ◦C using
igh-r esolution r espir ometr y (Or obor os Oxygraph 2 K, Or obor os

nstruments, Innsbruck, Austria). Respiration due to oxidati v e
hosphor ylation w as measur ed using differ ent substrates to
cti v ate specific complexes. Initially, malate (2 m m ), pyruvate
10 m m ), and glutamate (20 m m ) were added together. To this
olution, ADP (5 m m , complex I acti vity) w as added; at the
lateau of this response, succinate (10 m m ; complex II) was
dded. The maximum capacity of the electron transport system
ETS) was assessed using the carbonyl cyanide m-chlorophenyl
ydrazone (CCCP; successi v e titrations of 0.2 μm until maxi-
 um r espirator y rates wer e r eached). Oxygen consumption in

he uncoupled state due to complex II activity was measured by
nhibiting complex I by adding rotenone (0.1 μm ; ETS CII). Elec-
r on transport thr ough complex III w as inhibited by the addi-
ion of antimycin (2 μm ) to obtain residual oxygen consumption
R OX) lev els due to oxidizing side reactions outside mitochon-
rial respiration. The O 2 flow obtained at each step of the proto-
ol was normalized by the w et w eight of the tissue sample used
or analysis and corrected for ROX. 18 

estern Blotting 

amples from skeletal muscles surrounding the carotid
sternohyoid) and femoral (adductors) arteries and skeletal
uscle cells (as described above) were homogenized and lysed
n lysis buffer (cOmplete Lysis-M, Rocher, Mannheim, Ger-

any) containing protease and phosphatase inhibitor cocktail
cOmplete Ta b lets, Roc he , Mannheim, Germany). Samples w ere
entrifuged (13 000 × g for 15 min at 4 ◦C), and supernatants
ere isolated and stored at −80 ◦C. Protein concentration was

ubsequently determined using the BCA method, and then
qual quantities of protein (50 μg) were loaded into 10% and
% pol yacr ylamide gels. After loading, gels wer e se parated
y sodium dodecyl sulfate-pol yacr ylamide gel electr ophor esis
nd transferred to 0.45- μm Amersham Protran nitrocellu-
ose membranes (GE Healthcare). Antibodies used: anti-NOS1
1:1000; Thermo Fisher Scientific #37-2800), anti-NOS1 phospho
847 antibody (1:1000; abcam, ab16650), anti-NOS1 phospho
1417 antibody (1:1000; abcam, ab5583), superoxide dismutase
/extracellular (EC)-SOD antibody (1:5000, abcam, ab8318), and
uper oxide dism utase 2/manganese (MnSOD) antibody (1:5000,
ell signaling, 13 141s). Anti-GAPDH (1:10 000; Abclonal, ac001)
as used as loading control antibodies. Membranes were

ncubated with the matched secondary antibody (1:5000) at
 oom temperatur e for 90 min. The b lots wer e scanned using a
ene Gnome Bioimaging system (Syngene). Image J [National

nstitutes of Health and the La borator y for Optical and Compu-
ational Instrumentation (LOCI, Uni v ersity of Wisconsin)] was
sed to quantify the scanned images. 

o-immunoprecipitation 

o-imm unopr ecipitation w as performed using a modified
hermo Scientific Pierce Kit (Thermo Fisher Scientific, Rockford,

L, USA). Fibers from adductor skeletal muscles were lysed and
otal protein was extracted via pulverization of frozen tissue fol-
owing sonication (3 ×, 10 s, Setting 5) in extraction RIPA buffer
1% v/v NP-40 in Tris-buffered saline (TBS; 50 mm Tris-HCl, pH
.5, 150 mm NaCl)] with 0.5 m m PMSF, PIC1, PIC2, 500 n m 5 m m
aF, and 5 m m β-gl ycer ophosphate (or with phosphatase and
rotease inhibitors). Tissue debris was pelleted at 10 000 × g

30 min at 4 ◦C) and protein concentration was estimated using
he BCA. Fi v e hundr ed micr ogram of pr otein per 1 μg of anti-
ody (NOS1 #4231, cell signaling,—concentration 200 μg/mL)
as used to form a protein complex, and allowed to immunopre-

ipitate for 24 h. Thermo Scientific Pr otein A/G w as used to cap-
ure the antibody: protein complex for 2 h at 4 ◦C. Immunopre-
ipitated columns were washed with extraction buffer to r emov e
on-specifically bound proteins, and then resuspended in 2 ×
DS buffer with 350 m m DTT, and heated at 95 ◦C for 5 min.
n equi v alent amount of ra bbit IgG antibody w as used as an

mm unopr ecipitation contr ol. The imm unob lots wer e dev eloped
sing AMPK antibody (1:1000, cell signaling, #2532) for 24 h at
 oom temperatur e or ov ernight at 4 ◦C. Antigens were detected
sing the Pierce ECL Western Blotting Substrate (Thermo Scien-
ific, IL, USA). Direct Blue staining was used as a loading control
taining method. 

ata and Statistical Analysis 

ample sizes are described in the graphs, with each dot
 e pr esenting an inde pendent rat. All data ar e pr esented as

ean ± SEM. Statistical anal yses wer e performed using Graph-
ad Prism softw ar e v ersion 10.2.3 9. The Shapir o–Wilk test w as
sed to c hec k the normality of the data. Depending on the data
istribution and experimental design, Student’s t -test, 1- or 2-
 ay ANOVA w as used as appr opriate , follow ed b y the Tuke y post
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oc test. A value of P < 0.05 was considered statistically signifi- 
ant. 

esults 

keletal Muscle Surrounding the Femoral Artery 

xhibits an Anti-contractile Effect, Unlike the Carotid 

rtery, and Is Independent of Sex 

s expected, ser otonin pr omotes a concentration-dependent 
 asoconstrictor r esponse in isolated femoral and car otid arter- 
es from male and female Wistar rats. Inter estingl y, when the 
keletal muscles surrounding the arteries were maintained to 
ssess contractile capacity, the serotonin-induced contraction 

 as r educed, but only in the femoral arter y ( Figur e 1 A-B), and
his effect was sex independent. These data suggest that skele- 
al m uscle surr ounding the femoral arter y pr omotes an anti- 
ontractile effect. Importantly, this effect was also observed 

hen using an alpha-1 adrenergic agonist (Phe) and the throm- 
oxane A 2 -mimetic (U-46619) ( Figure 2 A-B), indicating this anti- 
ontractile factor acts in a r ece ptor-inde pendent manner. To 
nvestigate whether this effect depends on the endothelium, 
 subgroup of femoral artery rings had their endothelium 

 emov ed. As expected, endothelium r emov al ( −E) incr eased the 
esponse to Phe in arteries absent of skeletal muscle ( −Muscle). 
owever, the presence of muscle ( + Muscle) in arteries with- 
ut endothelium ( −E) had the same effect, suggesting that the 
nti-contractile effect promoted by skeletal muscle is indepen- 
ent of the endothelium ( Figure 2 C). In addition to testing the 
ffects of skeletal muscle presence, rings were mounted in 

hich the muscle was separated from the artery, but kept close 
detached) to evaluate whether the anti-contractile effect was 
ependent on tissue connection. Similar to the attached muscle, 
he detached muscle also caused decreased contraction ( Figure 
 D). 

he Skeletal Muscle-Induced Anti-Contractile Effect Is 
ascular Bed Dependent 

ince we did not observe the anti-contractile effect in skeletal 
 uscle surr ounding the car otid arter y ( Figur e 1 C-D), we then

uestioned whether the lack of r esponse w as due to the type of 
rtery and/or the type of skeletal muscle. To answer this ques- 
ion, we mounted three arteries from distinct vascular beds, 
hich are surrounded by different perivascular tissues [mesen- 

eric artery (white adipose tissue), basilar artery (subar ac hnoid 

issue), and carotid artery (skeletal muscle)], and then these 
rteries were placed adjacent to the skeletal muscle that sur- 
ounds femoral arteries. Of note, we used similar-sized skele- 
al muscle and the diameter of arteries. We observed that the 
nti-contractile effect occurred in all arteries evaluated, includ- 
ng the car otid arter y, which did not show this effect in the pres-
nce of its r especti v e m uscle ( Figur e 2 E, F, and G). Subsequently,
e then evaluated the gene expression of specific markers for 

ype I (MyH7), Type IIa (MyH2), Type IIx (MyH1), and Type IIb 
MyH4) muscle fibers in skeletal muscle from the carotid and 

emoral arteries. We observed that the muscle adjacent to the 
emoral artery has the highest gene expression for MyH7, the 
ype I fiber marker ( Figure 3 C). In contrast, the carotid mus- 
le showed higher expression for MyH1 and MyH4, the Type IIx 
 Figure 3 E) and IIb fiber markers ( Figure 3 F), respectively. There 
ere no differences between skeletal muscles for fiber marker 

Ia ( Figure 3 D). Immunofluorescence analysis confirmed the pre- 
ominance of type II fibers in the carotid artery, whereas type I 
bers did not differ between the muscles evaluated ( Figure 3 A 

nd B). Inter estingl y, we did not observe any difference between 

he muscles used in mitochondrial respiratory capacity ( Figure 
 G). 

 he Anti-Contr actile Effect In volves 
actate-AMPK-NOS1-NO Signaling 

r evious pub lications hav e demonstrated that lactate can pro- 
ote relaxation in different vascular beds. 19–24 Therefore, we 

ypothesized that lactate r eleased fr om the femoral artery 
keletal muscle would be responsible for the anti-contractile 
ffect. To test this hypothesis, we pre-incubated the femoral 
rtery rings ( + Muscle) with the lactate dehydrogenase inhibitor 
GSK2837808A (GSK), Figure 4 A and D] and the monocar- 
oxylate transporter inhibitor [ α-cyano-4-hydroxycinnamic acid 

 αCCA), Figure 4 B and E]. Both inhibitors abolished the anti- 
ontractile effect seen with the skeletal muscle on the femoral 
rtery in males and females ( Figure 4 A, B, D, and E). Subse-
uently, we performed a concentration-response curve for lac- 
ate (0.1-20 m m ) in isolated femoral arteries (-Muscle) contracted 

ith KCl or Phe. Inter estingl y, lactate did not promote changes in
ascular tone in the physiological ranges, and we observed a loss 
f vascular tone at high concentrations ( < 15 m m , pH ∼3; Figure
 H). These data suggest that lactate cannot promote direct dila- 
ion in the femoral artery, but since its inhibitors, LDH ( Figure 
 A and D) and MCT1/4 ( Figure 4 B and E), r ev ersed the anti-
ontr actile effect, w e then had an alternati v e hypothesis that
actate could promote its anti-contractile effects in an autocrine 
 ay. Specificall y, we hypothesized that lactate in the skele- 

al m uscle acti v ates potassium channels. 25 Ther efor e , w e used
pecific potassium channel blockers including, intermediate- 
onductance, calcium-acti v ated potassium channels (TRAM- 
4 10 μm ), calcium-acti v ated potassium channels (ULC1684, 
00 n m ), an ATP-sensiti v e potassium c hannel (Glibencamide , 1
m ) and large-conductance calcium-acti v ated potassium chan- 
els (Iberiotoxin 100 n m ). Inter estingl y, none of these inhibitors
ltered the anti-contractile response elicited by femoral skeletal 
 uscle ( Ta b le 2 ). 

Pr eviousl y, it has been shown that lactate could affect NO 

roduction in the vascular cells. 19 , 20 Neuronal nitric oxide syn- 
hase (NOS1) is an important enzymatic source of NO in skele- 
al muscle. Therefore, the non-specific NOS inhibitor (L-NAME) 
nd the specific NOS1 inhibitor (L-NPA) were used to evaluate 
heir role in the anti-contractile effect caused by lactate. L-NPA 

bolished the anti-contractile effect in arteries from both sexes 
 Figure 4 C and F). It is important to mention that L-NAME pro-

oted the blocking of the anti-contractile effect to the same 
xtent as inhibitor L-NPA ( Ta b le 2 ). 

Subsequently, we cultured primary skeletal muscle cells to 
orroborate these findings and for more mechanistic insights. 
 irst, w e confirmed that the cells originating from the surround- 
ng femoral and car otid arter y m uscles expr essed m y osin heavy
hain, a specific marker of skeletal muscle cells ( Figure 5 A) and
OS1 ( Figure 5 B). We then treated cells isolated onl y fr om the

emoral muscle with lactate (5 m m ; 1 h) to evaluate NOS1 acti-
ation via changes in phosphorylation. Lactate increased NOS1 
hosphorylation at Ser1417, the main post-translational modi- 
cation r esponsib le for NO r elease fr om NOS1 ( Figur e 5 E, Suppl.
igure S1 ). On the other hand, no differences were observed in 

he phosphorylation at Ser847 ( Figure 5 D, G and Suppl. Figure 
1 ). No changes in the total expression of NOS1 wer e observ ed
 Figure 5 D, 5 E, and Suppl. Figure S1 ). Previous literature data

https://academic.oup.com/function/article-lookup/doi/10.1093/function/zqae042#supplementary-data
https://academic.oup.com/function/article-lookup/doi/10.1093/function/zqae042#supplementary-data
https://academic.oup.com/function/article-lookup/doi/10.1093/function/zqae042#supplementary-data
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Figure 1. Serotonin (5-HT)-induced contraction in femoral (A and B) and carotid (C and D) arteries rings with functional endothelium in the presence ( + muscle) or 

a bsence ( −m uscle) of r especti v e skeletal m uscle tissue fr om male (A and C) and female (B and D) Wistar animals. The figur e bar graph r e pr esents the ar ea under 
the curve (AUC) to 5-HT in the presence or absence of skeletal muscle in both arteries and sex. This figure highlights an anti-contractile effect of skeletal muscle 
surrounding the femoral, absent in the skeletal muscle surrounding the carotid arteries (E). The results are expressed as the mean ± SEM. The number of animals 

used in each experiment ( n ) is expressed in parentheses or dots. Statistic: t test ( ∗P < 0.05; ∗∗P < 0.01). 

art/zqae042_f1.eps
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Figure 2. Concentration-response curves to U-46619 (A) and Phenylephrine (Phe, B) in femoral artery rings from Wistar rats in the absence ( −muscle) or presence 
( + muscle) of the skeletal muscle. Concentration-r esponse curv es to Phenylephrine (Phe) was performed in femoral artery rings from Wistar rats in the absence 
( −muscle) or presence ( + muscle) of the skeletal muscle with and without endothelium functional (C). Concentration-response curves to Serotonin (5-HT) was per- 
formed in rings without skeletal m uscle ( −m uscle), with attached muscle (artery connected to the muscle), and detached muscle (poisoned near the artery in the 

chamber). Mesenteric superior (E), Basilar (F), and Carotid (G) were mounted in the presence of the skeletal muscle surrounding the femoral artery. The number of 
animals used in each experiment ( n ) is expressed in parentheses. The results are expressed as the mean ± SEM. Statistic: two-way ANOVA ∗P < 0.05; ∗∗P < 0.01. Please 
note that in some cases, the contr ols [pr esence or absence of muscle ( −/ + Muscle)] are consistent across all graphs, as the first m y ogr aph c hamber was used as the 
control, while the other chambers were exposed to different inhibitors. To enhance clarity for the reader, we have presented these results in separate graphs. 
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Figure 3. Fiber type-specific distribution of selected markers r ev ealed by imm unofluor escence anal ysis fr om skeletal m uscles surr ounding the car otid (sternohyoid) 
and femoral (adductors). Fiber types are labeled MyHC1 (type 1, green; A), MyHCII (type 2b, yellow; B), and Laminin (red). Gene expression of type I (MyH7; C), type 
IIa (MyH2; D), type IIx (MyH1; E), and type IIb (MyH4; F) in skeletal muscles surrounding the carotid and femoral arteries. Re pr esentati v e graphs show the oxygen 
consumption rate measurement upon adding different substrates and inhibitors in skeletal muscles surrounding the carotid and femoral arteries (G). The number of 

animals used in each experiment ( n ) is expressed in parentheses or dots. The r esults ar e expr essed as the mean ± SEM. Statistic: 1-way ANOVA or Student’s t -test as 
appropriate, ∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001. 

art/zqae042_f3.eps
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Figure 4. Concentration-r esponse curv es to Phenyle phrine (Phe) performed in femoral arter y rings fr om male and female Wistar rats in the a bsence ( −m uscle) or 
pr esence ( + m uscle) of the skeletal m uscle, with the lactate dehydr o genase inhibitor [GSK2837808A, (GSK); A and D], and the monocarbo xylic acid transport inhibitor 

[2-Cyano-3-(4-h ydroxyphen yl)-2-propenoic acid ( αCCA); B and E] and the neuronal nitric oxide synthase inhibitor [ N -propyl- l -arginine (L-NPA); C and F]. Representative 
figure with the signaling pathways was blocked in the vascular reactivity experiment (G). Typical recording of a concentration-response curve to lactate (10 μm -25 m m ) 
in the femoral arter y ( −m uscle) rings pre-contracted with KCl (90 m m ) (H). The number of animals used in each experiment ( n ) is expressed in parentheses. The results 
ar e expr essed as the mean ± SEM. Statistic: 2-way ANOVA or Student’s t -test as appropriate, ∗P < 0.05; ∗∗P < 0.01. Please note that in some cases, the contr ols [pr esence 

or absence of muscle ( −/ + Muscle)] are consistent across all graphs, as the first myograph chamber was used as the control, while the other chambers were exposed 
to different inhibitors. To enhance clarity for the reader, we have presented these results in separate graphs. 
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emonstrated that lactate acti v ates AMPK, and this acti v ation 

s r esponsib le for differ ent effects such as r emodeling the cel- 
ular meta bolic pr ofile, and pr oliferation and differ entiation of 
ells in skeletal muscle. 26 , 27 Activated AMPK could be responsi- 
 le for phosphor ylating NOS1. 27 , 29 We treated cells with lactate 

n the presence and absence of the specific AMPK inhibitor (Bay 
827). As we had already verified in Figure 5 D-E, the presence 
f lactate did not change the expression of total NOS1, nor did 

ay 3827 promote any change in the total expression of NOS1 
 Figure 6 A-B, Suppl. Figure S2 ). However, the presence of Bay
827 significantl y r educed the expr ession of NOS1 Ser1417 ( Figur e
 A-C, Suppl. Figure S2 ). To corroborate these data, we then con-
rmed the role of the lactate-AMPK-phospho-NOS1 Ser1417 sig- 
aling pathway through the immunoprecipitation experiment. 
or this, we imm unopr ecipitated NOS1 fr om cells tr eated with
ehicle or lactate, and we observed that AMPK expression was 
ncreased in cells treated with lactate when compared to vehicle 
 Figure 6 D, Suppl. Figure S3 ). 
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Table 2. The difference in the area under the curve between the 
absence and presence of anti-contractile inhibitors 

Blocker −Muscle + Muscle 

Tram-34 + UCL 1684 − 0.48 ± 3.9 (4) − 0.81 ± 5.5 (5) 
Glibenclamide − 3.20 ± 9.0 (4) 9.39 ± 15.2 (5) 
Iberiotoxin 19.9 ± 10.2 (6) 6.97 ± 6.3 (6) 
L-NAME 25.00 ± 8.3 (5) 434.65 ± 15.8 (5) ∗∗∗

L-NPA − 7.71 ± 3.4 (5) 347.01 ± 31.3 (5) ∗∗∗

∗∗∗P ≤ 0.01 versus −Muscle. 
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ntioxidant Defense Is Higher in the Muscle 
urrounding the Femoral Artery 

lthough we have observed that lactate-NOS1-NO signaling
lays a major role in the skeletal muscle of the femoral arter-

es, when we measured the lactate concentrations and the total
r otein expr ession of NOS1 in skeletal m uscle fr om both car otid
nd femoral arteries for comparison purposes, these factors
er e also elev ated in the car otid m uscle as well ( Figure 7 A and
), despite no evidence of the anti-contractile effect. When we
v aluated the expr ession of two differ ent super oxide dism utase
SOD), an important enzyme for antioxidant defense, there was
 higher expression of MnSOD2 and EC-SOD3 ( Figure 7 C and D,
uppl. S4-6 ) in the muscle lining the femoral artery when com-
ared to the carotid. 

iscussion 

uscular blood flow is controlled b y se ver al centr al and local
ec hanisms that guar antee meta bolic needs ar e met, ev en

nder high demand. 2–4 Evidence indicates that even at rest,
keletal muscle might release certain factors contributing to
ascular tone. This concept is related to skeletal muscle as an
ndocrine and paracrine organ capa b le of secr eting bioacti v e
ubstances, known as m y okines, into circulation. 30 , 31 However,
his concept is still controversial, and it is still unclear whether
keletal muscle modulates moment-to-moment vascular tone. 
pecificall y, it w as unknown whether skeletal muscle acts as a
our ce of anti-contr actile factors at rest, and the mechanisms by
hich this phenomenon would occur. Here, we show for the first

ime , that femor al arter y skeletal m uscle, but not the carotid,
egardless of sex, presented with the ability to antagonize the
ontractile response and exert an anti-contractile effect. This
ffect suggests a complex interaction between vascular and
eri v ascular tissues. Our data showed that local mechanisms
ediate this response due to the ex vivo nature of our experi-
ents being performed in isolated organ baths, thus removing
ost of the systemic and central influences. Further, the direct

ontact of skeletal muscle with the v asculatur e does not seem
ssential for its r egulator y r ole, as skeletal muscle detached from
he arteries did not lose its anti-contractile capacity. 

An important observation was that the anti-contractile effect
iffer ed between r egions and/or types of skeletal muscle, but not
etween types of arteries evaluated. The physiological function
nd composition of each tissue or type of muscle possibly play a
ital role in these differences. Further, the differences between
he types of skeletal muscle fibers can also play a role. Here,
y using two different approaches, qPCR and immunofluores-
ence , w e observed a mix in the types of fibers in the sternohyoid
nd adductor, showing that these muscles are not composed of
nly one type of skeletal muscle fiber . However , the proportion
f fiber types differs between the skeletal muscle surrounding
he femoral artery and the carotid artery. The skeletal muscle
urrounding the femoral artery exhibits c har acteristics of type
 fibers (slow-twitch/oxidati v e meta bolism), wher eas the m us-
le surrounding the carotid arteries presents a predominance
f type 2 (fast-twitch/gl ycol ytic meta bolism). Supporting these
ndings, it has pr eviousl y been demonstrated that changes in
 rat’s hindlimbs’ blood flow depend on the muscles’ fiber type
omposition. 32 

Skeletal muscle can release several metabolic substances
alled m y okines (a factor r eleased by skeletal m uscle). 30 , 31 

mong m y okines, lactate has incr easingl y been explor ed as a
ignaling molecule and dri v er of biochemical and physiological
r ocesses, pr esenting autocrine , par acrine , and endocrine func-
ions. 33 Lactate is present in both types of muscle fibers, the type
I fiber being mainly responsible for its production through the
l ycol ytic pathw ay, and type I fibers r esponsib le for its r emov al
hr ough oxidati v e meta bolism (a pr ocess carried out in mito-
hondria). Lactate is a natural byproduct of cellular metabolism,
ith skeletal muscle being the main producer. Thus, the release

nd utilization of lactate occurs moment by moment, operat-
ng contin uousl y as a m y okine . Ther efor e, lactate has meta bolic
nd signaling functions, as demonstrated pr eviousl y and r ein-
orced in this work. 30 Lactate transports across the plasma

embrane of all cells and between these different fiber types.
actate transport is facilitated by monocarboxylate transport
roteins (MCTs). 34 In the present w ork, w e used tw o different

nhibitors to verify whether lactate was involved in the femoral
rter y skeletal m uscle-induced anti-contraction. Specificall y, we
sed the LDH inhibitor, which con verts p yruvate into lactate,
nd the MCT1/4 blocker. Regardless of the inhibitor, the anti-
ontractile effect was abolished, suggesting the role of lactate as
he possible relaxing factor derived from skeletal muscle. How-
ver, when we administered lactate directly to the arteries in a
oncentration-dependent manner, and in the absence of skele-
al muscle, lactate failed to induce relaxation, except at higher
oncentrations ( ≥15 m m ). At these higher concentrations, lac-
ate becomes toxic by inducing acidosis, and resulting in tissue
eath (as seen in the typical tr ace , F igure 2 H). This experiment

ed to the hypothesis that lactate’s anti-contractile effect may be
ndirect. 

A fe w studies ha v e suggested lactate as a v asodilator factor;
owever, these studies utilized perfusion experiments rather

han isolated organs, 19 , 22 making it difficult to ascertain whether
actate would have a direct and/or indirect effect on the vas-
ulatur e. Ther efor e, based on the new evidence described in
he pr esent man uscript, lactate can acti v ate differ ent path-
ays, such as proteins or enzymes, dir ectl y r esponsib le for pr o-
oting the anti-contr actile . For instance , the liter ature cites

he nitric oxide/cGMP pathway and potassium channels. 19 , 21–24 

 irstly, w e performed a concentr ation-r esponse curv e for ser o-
onin in the presence and or absence of important potassium
 hannel bloc kers inv olv ed in the v ascular tone , and w e did not
bserve any significant changes ( Ta b le 2 ). Then, we focused on
OS, specifically the NOS1 form. Accordingly, the skeletal mus-
le NOS1 enzyme r egulates sev eral cellular processes, such as
ontraction, glucose metabolism, and blood flow regulation. 35–37 

he non-specific NOS inhibitor (L-NAME) and the specific NOS1
nhibitor (L-NPA) abolished the anticontractile effect, suggesting
hat NOS1-specific nitric oxide was being released by skeletal

uscle. To confirm this premise , w e used primary cells isolated
rom skeletal muscle surrounding the femoral artery and treated
hem with physiological lactate levels. We observed a significant
ncrease in the phosphorylation of NOS1 Ser1417 without altering
otal pr otein expr ession or the phosphor ylation of NOS1 Ser847 .

https://academic.oup.com/function/article-lookup/doi/10.1093/function/zqae042#supplementary-data


Fontes et al. 11 

Figure 5. Imm unofluor escence staining for MyHC (My osin heavy c hain, A) and NOS1 (neuronal nitric oxide synthase, B) in cells from skeletal m uscles surr ounding the 

carotid (sternohyoid) and femoral (adductors) arteries from Wistar rats. Re pr esentati v e ima ges shown (MyHC, gr een; NOS1, pink; DAPI, b lue), original ma gnification 
20 ×. The Re pr esentati v e figur e shows the pr otocol performed with skeletal m uscle cells, whic h w er e isolated, cultur ed, and tr eated with lactate (5 m m , 1 h) or vehicle 
(C). Graphical r e pr esentation of the expr ession of total NOS1, Ser1417, Ser847 and GAPDH as loading control (D). Relati v e amounts of total NOS1 (E), Ser1417 (F), and 

Ser847 (G) proteins were shown by densitometry. Each lane was loaded with 50 μg of total protein. The number of animals used in each experiment (n) is expressed in 
dots. The r esults ar e expr essed as the mean ± SEM. Statistic: Student’s t -test, ∗∗∗∗P < 0.0001. Please note that the original membrane r efer enced in Figur e 5 ar e in the 
Suppl. Figure S1 . 
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hosphorylation at Ser 1417 activates NOS1 and increases NO 

roduction, while phosphorylation at Ser847 has the opposite 
ffect. 38 , 39 We used the same approach as before, adding the 
pecific AMPK inhibitor to the lactate treatment. This experi- 
ent demonstrated the role of AMPK in activating NOS1 ser1417 . 

her efor e , w e suggested that the anticontr actile effect inv olv es
he lactate-AMPK-NOS1-NO signaling via increased phosphory- 
ation of NOS1 Ser1417 . 
In the present study, we also observe some intriguing data 
hat need further in vestigation. F or instance, total protein 

xpression for NOS1 was more prominent in the muscle 
urrounding the carotid artery, which did not affect the 
nti-contr actile response . Further, the car otid arter y skele- 
al muscle presents predominantly fast-twitch fibers, as 
pposed to the femoral artery skeletal muscle which presents 
r edominantl y slow-twitch fibers. A possible explanation for 

art/zqae042_f5.eps
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Figure 6. Re pr esentati v e western b lot ima ge of cells fr om the m uscle that surr ounds the femoral arter y, tr eated with lactate (5 m m , 1 h) and lactate plus Bay 3827 (specific 
AMPK inhibitor, 5 μm ) and vehicle (A). Bar graphical representation of the expression of total NOS1 (B), NOS1 Ser1417 (C) and GAPDH as loading control. Illustrative figure 
of co-imm unopr ecipitation assays showing interactions of NOS1 with AMPK (D). Coomassie blue staining was used in western blot analysis (E) as a loading control 
staining method. Re pr esentati v e western bott ima ge for AMPK of NOS1 co-imm unopr ecipitation in cells tr eated with lactate (5 m m , 1 h) or vehicle (F). Relati v e amounts 

of proteins were shown by densitometry. Each lane was loaded with 50 μg of total protein. The number of animals used in each experiment ( n ) is expressed in dots. The 
r esults ar e expr essed as the mean ± SEM. Statistic: 1-way ANOVA, ∗P < 0.05. Please note that the original membrane r efer enced in Figur e 6 ar e in the Suppl. Figures S2-3 . 
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his phenomenon would be the localization of NOS1. Accord-
ngl y, pr evious work has shown that NOS1 is localized in
ifferent compartments in the skeletal muscle, and this would
ffect its function. 37 The limitation of the present work is that
e did not evaluate the localization of NOS1, but the total

xpression of this enzyme. Further, carotid muscles presented
ith more lactate levels, which supports our findings that

his type of muscle presents with the predominance of type
 (fast-twitch/gl ycol ytic meta bolism). We suggest that the
actate-AMPK-NOS1-NO signaling, via increased phosphoryla-
ion of NOS1 S1417 is more sensitive and compartmentalized in
he skeletal muscle from the femoral arteries. For instance, the
ctivity of NOS1 and NO bioavailability are important factors
nd are directly associated with the half-life of this molecule.
keletal muscles from femoral arteries, although expressing

ncr eased acti vity of NOS1, pr esent a mor e potent antioxidant
efense system to maintain NO bioav aila bility. Super oxide
ismutase (SODs) are functional antioxidant defense systems
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Figure 7. Lactate concentration of skeletal muscle skeletal muscles surrounding the carotid (sternohyoid) and femoral (adductors) of Wistar rats (A). Graphical r e pr esen- 
tation and r elati v e amounts of the expression of total NOS1 (B), manganese-de pendent super oxide dism utase (MnSOD/SOD2; C), extracellular super oxide dism utase 

(EC-SOD/SOD3; D), and GAPDH as loading control were evaluated by densitometry. Each lane was loaded with 50 μg of total protein. The number of animals used in 
each experiment ( n ) is expressed in dots. The results are expressed as the mean ± SEM. Statistic: Student’s t -test, ∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001. Please note that the 
original membrane r efer enced in Figure 6 are in the Suppl. Figures S4 - 6 . 
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or maintaining delicate redox homeostasis; they are the first 
ine of defense against oxygen-free radicals and, consequently, 
O bioav aila bility. 40–42 The expression of the mitochondrial 
anganese-containing SOD (MnSOD or SOD2) and the extra- 

ellular SOD (EcSOD or SOD3) ar e gr eater in the femoral arter y 
uscle than the skeletal muscle surrounding the carotid artery. 

his suggests that the muscle that surrounds the femoral 
rtery has a greater bioavailability of NO, since the muscle 
hat surrounds the carotid artery possibly has an increased 

ormation of peroxynitrite (ONOO 

−) and, consequently, lower 
O bioav aila bility. In conclusion, w e demonstr ated that femoral 
rter y skeletal m uscle, r egardless of sex, is a potent endocrine 
rgan that maintains vascular tone. Perturbations of this tissue 
ould lead to exacerbated vasoconstriction, resulting in vascular 
ysfunction, as observed in several car dio vascular diseases, 

ncluding hypertension, and other diseases associated with 

arcopenia, including aging and cancer. Mechanistically, we 
emonstrated that the anticontractile effect inv olv es the type 
f fiber and/or anatomical location but not the type of artery 
nd the presence of endothelium. Finally, we propose that 
his anticontractile effect is mediated by the lactate-AMPK- 
hospho-NOS1 Ser1417 -NO signaling axis. 
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