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Immune spleen cells attenuate 
the inflammatory profile 
of the mesenteric perivascular 
adipose tissue in obese mice
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The perivascular adipose tissue (PVAT) differs from other fat depots and exerts a paracrine action 
on the vasculature. The spleen has an important role in the immune response, and it was observed 
to have either a protective role or a contribution to obesity-related diseases. However, the relation 
between spleen and PVAT is elusive in obesity. We investigated the role of spleen in the inflammatory 
profile of the mesenteric PVAT (mPVAT) from mice fed a high-fat diet (HFD) for 16 weeks. Male C57Bl/6 
mice were sham-operated or splenectomized (SPX) and fed a HFD for 16 weeks. mPVAT morphology 
was evaluated by hematoxylin and eosin staining, infiltrated immune cells were evaluated by 
flow cytometry, inflammatory cytokines were evaluated by ELISA and the splenic cell chemotaxis 
mediated by mPVAT was evaluated using a transwell assay. In SPX mice, HFD induced adipocyte 
hypertrophy and increased immune cell infiltration and proinflammatory cytokine levels in mPVAT. 
However, none of these effects were observed in mPVAT from sham-operated mice. Spleen from HFD 
fed mice presented reduced total leukocytes and increased inflammatory markers when compared 
to the spleen from control mice. Chemotaxis of spleen cells mediated by mPVAT of HFD fed mice 
was reduced in relation to standard diet fed mice. The spleen protects mPVAT against the effects of 
16-week HFD. This information was missing, and it is important because PVAT is different from other 
fat depots and data cannot be extrapolated from any type of adipose tissue to PVAT.

It is well established in obesity that the white adipose tissue (WAT), mainly from the visceral depot, presents 
an increase in inflammatory markers and infiltration of immune cells, as well as hypertrophy of adipocytes1. 
The perivascular adipose tissue (PVAT) has been considered to be a fourth type of adipose tissue2 and it has 
been reported to modulate not only the vascular tonus, but also inflammation, mainly due to secretion of some 
substances facilitated by its proximity to the blood vessels3. Some studies have demonstrated that PVAT from 
obese humans presents increased levels of inflammatory markers such as monocyte chemoattractant protein-1 
(MCP-1), interleukin (IL)-6 and IL-84,5. The increased chemokine and proinflammatory cytokine secretion from 
PVAT leads to a mobilization of immune cells, mainly macrophages and lymphocytes6.

The spleen is one of the most important lymphoid tissues in the body and it is a complex organ with a highly 
organized compartmentalization and an intricate microcirculatory system. A number of processes occur in the 
red pulp, namely blood filtration, old or damaged red blood cell phagocytosis, iron recycling, extramedullary 
hematopoiesis and fast release of antibodies produced by plasmablasts. In the spleen of mice, the white pulp is 
arranged along the central arteries and consists of T cells organized in periarteriolar lymph sheath and B cells 
organized in follicles surrounded by a marginal zone, located at the interface of the white and the red pulp. The 
latter is composed of specialized populations of macrophages, resident B cells, dendritic cells and T cells. Both 
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cellular and humoral immunity get started in the white pulp7,8. Therefore, the spleen plays an important role in 
regulating immune homoeostasis.

A protective role of spleen has been reported against inflammation of WAT and obesity-related diseases, such 
as steatohepatitis, non-alcoholic fatty pancreas disease, insulin resistance and chronic kidney disease, which may 
have the participation of B cells and IL-109–12. In contrast, another study, using an induced-obesity model with 
monosodium glutamate, showed that splenectomy reduces hypertrophy of adipocytes and insulin resistance, 
indicating a contribution of spleen in the progression of obesity13. However, the relation between spleen and 
PVAT is elusive in obesity. Thus, the aim of the present study was to evaluate the role of the spleen in the inflam-
matory profile of the mesenteric PVAT (mPVAT) of mice fed with a high-fat diet (HFD).

Results
Characterization of obesity.  Since both worsening and improvement of metabolic parameters have been 
shown by splenectomy in obese animals9–13, we first analyzed the effects of HFD feeding for 16 weeks on the 
adiposity, glucose homeostasis and circulant adiponectin in mice with and without the spleen.

HFD feeding for 16 weeks promoted an increase in body weight, periepididymal and retroperitoneal fat pads, 
blood glucose levels, plasma insulin levels and area under the curve of glucose concentration during insulin 
tolerance test in SHAM and splenectomized (SPX) mice in comparison to standard diet feeding (Fig. 1). Plasma 

Figure 1.   High-fat diet (HFD) increased adiposity and impaired glucose homeostasis in the presence and 
absence of the spleen. (a) Final body weight, (b) retroperitoneal and (c) periepididymal fat mass, (d) blood 
glucose, (e) plasma insulin and (f) plasma adiponectin levels, (g) blood glucose levels and area under the curve 
(AUC) during insulin tolerance test (ITT) in sham-operated (SHAM) or splenectomized (SPX) mice fed with 
standard diet (SD) or HFD. (n = 32 to 33 per group and n = 5 to 8 per group for blood glucose, insulin and 
adiponectin levels and ITT). Data were expressed as mean ± SEM. ANOVA: **P < 0.01 and ****P < 0.0001, HFD-
SHAM versus SD-SHAM; $$$P < 0.001 and $$$$P < 0.0001, HFD-SPX versus SD-SPX.
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insulin concentration was higher in SPX than in SHAM mice fed with HFD, but none of other parameters was 
found to be significantly different between SPX and SHAM mice receiving the same diet (Fig. 1). Plasma adi-
ponectin levels were similar among the groups (Fig. 1).

Effects of 16‑week HFD feeding and splenectomy on the morphology, inflammatory cells and 
cytokine levels in mPVAT.  The next step was the evaluation of how splenectomy impacts the effects medi-
ated by 16-week HFD feeding on the histological features of mPVAT.

The mass of mPVAT was increased in all mice fed 16-week HFD (Fig. 2b). However, at that time hypertrophy 
was still not observed in that tissue in response to HFD in SHAM mice. On the other hand, in the PVAT from 
SPX mice on HFD we observed hypertrophy. (Fig. 2a,c). Since hypoxia develops with adipocyte hypertrophy and 
hypoxia triggers hypoxia-inducible factor (HIF)-1 α transcription14, we evaluated the mRNA content of this factor 
in mPVAT. HIF-1 α mRNA levels were found increased only in mPVAT from SPX on HFD when compared to 
SHAM on either standard or HFD (Fig. 2d). This is in accordance with the hypertrophy observed only for SPX 
mice on HFD. Thus, we evaluated the impact of splenectomy on the mRNA expression of adiponectin because 
it is an adipose tissue-derived anti-inflammatory factor and it is reduced in adipose inflammation1. Adiponectin 
mRNA expression was reduced in mPVAT from SPX on standard diet and from both SHAM and SPX on HFD 
in comparison to SHAM on standard diet (Fig. 2e).

We then aimed to determine the role of spleen in the profile of the population of immune cells in mPVAT 
under HFD, analyzing the immunophenotyping of cells by flow cytometry. The representative dot plots of flow 
cytometry are shown in Fig. 3a,d,f.

In mPVAT from SHAM mice, the percentage of the population of CD4+ and CD8+ T lymphocytes and M1 
macrophages were not affected by 16-week HFD (Fig. 3b,c,g). However, the percentage of the population of M2 
macrophages was reduced in PVAT from SHAM mice on HFD (Fig. 3e), as well as the percentage and absolute 
numbers of B220+ B lymphocytes (Fig. 3e and Supplementary Fig. 5S online).

Additionally, mPVAT of SPX mice fed with the standard diet presented a reduction in the percentage (Fig. 3e) 
and absolute number (Supplementary Fig. 5S online) of B220+ B lymphocytes in comparison to SHAM animals 

Figure 2.   Splenectomy promoted adipocyte hypertrophy in mesenteric PVAT (mPVAT) of mice fed a high-fat 
diet (HFD). (a) Representative histological images, (b) mass, (c) adipocyte size, (d) HIF-1 α mRNA levels and 
(e) adiponectin mRNA levels in mPVAT from sham-operated (SHAM) or splenectomized (SPX) mice fed with 
standard diet (SD) or HFD. (n = 4 per group and n = 8 to 10 per group for PVAT mass). Data were expressed 
as mean ± SEM. ANOVA: *P < 0.05 and **P < 0.01, SD-SPX and HFD-SHAM versus SD-SHAM; $P < 0.05 and 
$$P < 0.01, HFD-SPX versus SD-SPX; ##P < 0.01, HFD-SPX versus HFD-SHAM.
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fed with the same standard diet. In relation to the other cell populations studied, no differences were observed 
when comparing those two groups (Fig. 3 and Supplementary Fig. 5S online).

Interesting results were found in the PVAT of SPX mice fed with HFD, in which a reduced percentage and 
absolute numbers of CD8+ cells were observed in relation to SHAM mice fed with the same diet (Fig. 3c and Sup-
plementary Fig. 5S online). However, splenectomy did not further change the reduction in B220+ B lymphocytes 
and M2 macrophages observed in SHAM mice fed with HFD (Fig. 3e,h and Supplementary Fig. 5S online). In 
addition, an increased percentage and absolute numbers of M1 macrophages were observed in PVAT of SPX fed 
with HFD in comparison to the other groups (Fig. 3g and Supplementary Fig. 5S online).

In order to further evaluate the impact of the splenectomy in the inflammatory profile of mPVAT of mice 
under HFD, we analyzed the cytokine levels. Regarding cytokines derived from mPVAT, the levels of tumor 
necrosis factor (TNF)-α, IL-1β, IL-6, interferon (IFN)-γ and IL-10 were all reduced in PVAT of SHAM mice fed 
16-week HFD in comparison to SHAM mice fed with a standard diet (Fig. 3i–m). Additionally, splenectomy 
in mice fed with the standard diet also reduced the TNF-α, IL-1β and IL-6 levels, without changing the IFN-γ 
and IL-10 levels in comparison to SHAM mice fed with the same diet (Fig. 3i–m). In contrast, TNF-α, IL-1β 
and IL-6 levels were increased in mPVAT of SPX mice fed with HFD in comparison to SHAM mice fed with the 
same diet and SPX mice fed with the standard diet (Fig. 3i–k). On the other hand, IFN-γ and IL-10 levels were 
differentially regulated in SPX mice fed HFD. IFN-γ levels were higher than in SHAM mice fed with the same 
diet and similar to SPX mice fed with the standard diet, whereas IL-10 levels were similar to those in SHAM 
mice fed HFD and lower than in SPX mice fed with the standard diet (Fig. 3l,m).

In the present study, we did not aim to compare mPVAT to other fat pads. However, some parameters were 
evaluated also in periepididymal fat pad, which are presented in the Supplementary Fig. S1 online. Whereas 

Figure 3.   Splenectomy increased inflammatory markers in mesenteric PVAT (mPVAT) of mice fed a high-
fat diet (HFD). (a, d, f) Representative dot plots of flow cytometry and populations of (b) CD4+ and (c) CD8+ 
T lymphocytes (percentage of CD3+ cells), (e) B220+ B lymphocytes (percentage of CD45+ cells) and (g) 
CD206-CD11c+ (M1) and (h) CD206+CD11c− (M2) macrophages (percentage of F4/80+ cells) in the mPVAT of 
sham-operated (SHAM) or splenectomized (SPX) mice fed with standard diet (SD) or HFD. Results from two 
different experiments (n = 5 to 9 per group). (i–m) Cytokine levels in mPVAT of SD-SHAM, SD-SPX, HFD-
SHAM and HFD-SPX mice. (n = 5 to 7 per group). Data were expressed as mean ± SEM. ANOVA: *P < 0.05, 
**P < 0.01 and ***P < 0.001, SD-SPX and HFD-SHAM versus SD-SHAM; $P < 0.05, $$P < 0.01, $$$P < 0.001 and 
$$$$P < 0.0001, HFD-SPX versus SD-SPX; #P < 0.05 and ##P < 0.01, HFD-SPX versus HFD-SHAM.
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periepididymal fat presented a different response to HFD for some parameters, the impact of splenectomy was 
similar in periepididymal fat and mPVAT. Differently from mPVAT, adipocytes were already hypertrophied and 
expression of adiponectin mRNA and percentage of M1 macrophages were increased in periepididymal fat of 
HFD-SHAM mice. Splenectomy further increased the size of adipocytes, maintained the increase in percentage 
of M1 macrophages and reduced the percentage of M2 macrophages and the adiponectin mRNA content in 
periepididymal fat (Supplementary Fig. S1a and S1b online).

Splenic cell chemotaxis mediated by mesenteric PVAT (mPVAT).  As an attempt to clarify the par-
ticipation of the spleen in the immune cell infiltration in mPVAT, we evaluated the potential of mPVAT in 
mobilizing the splenic cells by using a transwell apparatus. All experimental conditions (when splenic cells were 
placed in the upper compartment and PVAT was placed in the lower compartment of the transwell) presented 
increases in transmigrated cells in relation to the control conditions (when only PVAT was placed in the lower 
compartment of the transwell). For mice fed with standard diet, approximately 5.8 × 103 splenic cells migrated 
for each mg of PVAT. The migration of splenic cells towards mPVAT from mice fed HFD was found to be 
approximately 3 times lower when compared to control conditions (Fig. 4). In order to discard any deficiency in 
the cells derived from the spleen, potentially caused by HFD, we used splenic cells from mice fed with the stand-
ard diet to observe the migration of cells to mPVAT of mice fed with HFD. Our results demonstrated a reduced 
migration of those cells towards mPVAT (Fig. 4).

Effects of HFD feeding on cellularity and inflammatory cytokines of spleen.  Finally, we evalu-
ated the impact of a HFD in the populations of cells of the spleen. To do this, we immunophenotyped the dis-
sociated spleen cells by flow cytometry. The representative dot plots of flow cytometry are shown in Fig. 5a–d.

The number of leukocytes in spleen of mice fed with HFD was reduced in comparison to mice fed with the 
standard diet (Fig. 5e), reducing the absolute numbers of different spleen cell populations (Supplementary Fig. S6 
online). However, the percentage of splenic populations of CD4+ and CD8+ T lymphocytes (Fig. 5a,f,g), B220+ 
B lymphocytes (Fig. 5b,h) and CD11b+F4/80+ macrophages (Fig. 5c,i) were similar between mice fed with HFD 
and standard diet. However, the population of CD11b+Gr-1+ granulocytes was reduced in the spleen of mice 
fed HFD in comparison to mice fed the standard diet (Fig. 5d,j). The splenic protein and mRNA expression of 
TNF-α were higher and those parameters for IL-10 were lower in HFD mice than in control mice (Fig. 5k–o).

Discussion
Spleen-derived cells may contribute to the inflammation of visceral WAT and progression of obesity13, although 
their protective role in obesity-related diseases has also been described9,10,12. Obesity has also an impact in the 
PVAT; however, the relation between PVAT and spleen is still unknown. Since PVAT is also a target of obesity, 
we investigated the possible role of spleen in the inflammatory profile of the mPVAT induced by HFD in mice. 
In the present study, we extend observations that spleen removal increase the concentration of adipokines and 
the infiltration of immune cells in the visceral WAT​10,11, demonstrating a protective role of spleen against the 
effects of HFD on mPVAT.

We described here that 16-week on HFD in mice caused obesity, including an increase in the mass of mPVAT 
in all groups. In SHAM mice fed with HFD, the increased mass of mPVAT might be due to an increase in the 
recruitment of smaller cells, which serve as a potential reservoir for mature adipocytes15, since there were no 
changes in adipocyte sizes after 16 weeks of HFD feeding. In contrast, the increased mPVAT mass of SPX mice 
on HFD was associated with hypertrophy. In visceral WAT depots, we observed hypertrophy of adipocytes 
from SHAM mice on HFD and, in the absence of spleen, the visceral WAT presented an even larger size (Sup-
plementary Fig. S1 online). Our results are in contrast to those found in the study of Gotoh et al.10. In that study, 

Figure 4.   Splenic cell chemotaxis mediated by mesenteric PVAT (mPVAT) was reduced in mice fed a high-
fat diet (HFD). Migration of splenic cells from SHAM mice fed with standard diet (SD) or HFD towards their 
respective mPVAT. Another set of experiments was performed with PVAT from mice fed with HFD using spleen 
cells from mice fed with SD. Control conditions involved placing only PVAT in the lower compartment. Results 
from two different experiments (n = 6 to 9 per group). Data were expressed as mean ± SEM. ANOVA: *P < 0.05, 
versus SD.
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splenectomy reduced the lipid accumulation in adipocytes of periepididymal fat, whereas it accelerated lipid 
accumulation in liver in mice under 8-week feeding HFD. Despite we have not evaluated the liver, it is possible 
to hypothesize that in our model there was a disruption in the synchronized work between adipose tissue and 
liver, resulting in hypertrophic adipocytes. Since adipocyte size rather than number is an important marker of 
obesity-related diseases, our data indicate a protective role of spleen cells against the damage caused by HFD.

In agreement to the absence of adipocyte hypertrophy, we did not observe any increase in inflammatory fac-
tors (TNF-α, IL-1 β, IL-6) in mPVAT of SHAM mice on HFD, showing that 16-week HFD used in the present 
study promoted fat accumulation, but still without an inflammatory process. Nevertheless, TNF-α, IL-1β and IL-6 
levels were increased along with higher HIF-1α mRNA levels in mPVAT of SPX mice on HFD, which presented 
hypertrophic adipocytes. These data reinforce the protective role of spleen against the effects of HFD on mPVAT. 
Also, this is indicative that the tissue is undergoing some sort of hypoxia, since the increase of those cytokines 
is a typical response to hypoxia, at least in WAT​16. However, since HIF-1α is also post-translationally regulated, 
further investigation is needed to confirm the hypoxia in mPVAT of SPX mice on HFD.

An anti-inflammatory role is generally attributed to adiponectin17,18. Since absence of the spleen promoted 
an increase in inflammatory markers, an alteration in plasma adiponectin levels would be expected in splenec-
tomized mice fed HFD, but no change was observed in those levels. This finding is different from that of Gotoh 
et al.’s study, in which splenectomy promoted a reduction of serum adiponectin10. It is possible that differential 
changes in adiponectin production might be observed in each adipose tissue depot at 16 weeks of HFD feed-
ing and splenectomy surgery, since there were differences in mRNA expression of adiponectin in mPVAT and 
periepididymal fat pad (Supplementary Fig. S1 online). The circulant adiponectin levels represent the resultant 
sum of the overall released adiponectin.

Figure 5.   Mice fed a high-fat diet (HFD) presented leukopenia and increase in inflammatory markers in the 
spleen. (a–d) Representative dot plots of flow cytometry, (e) number of total leukocytes and populations of (f) 
CD4+ and (g) CD8+ T lymphocytes (percentage of CD3+ cells), (h) B220+ B lymphocytes, (i) CD11b+F4/80+ 
macrophages and (j) CD11b+Gr-1+ granulocytes (percentage of total cells) in the spleen of mice fed standard 
diet (SD) or HFD. Results from two different experiments (n = 5 to 8 per group). (k–m) Cropped blots, 
membranes stained with Ponceau and densitometry analysis for TNF-α and IL-10 in spleen of mice fed SD and 
HFD. (n = 4 per group). Full-length blots are shown in Supplementary Fig. S2. (n–o) TNF-α and IL-10 mRNA 
levels in spleen of mice fed SD and HFD. (n = 5 per group). Data were expressed as mean ± SEM. Unpaired t-test: 
*P < 0.05, HFD versus SD.
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It is well known that the resident macrophages in the fat depots, both visceral WAT and PVAT, undergo mac-
rophage polarization to M1 after an inflammatory stimulus, acquiring a macrophage proinflammatory phenotype 
and contributing to tissue inflammation19. Although we observed a reduction in M2 macrophage infiltration in 
mPVAT, we could not observe any effect of the HFD on M1 macrophage infiltration in mPVAT from SHAM mice. 
Nevertheless, we have observed increased M1 macrophage infiltration only in visceral adipose tissue compared 
to mice fed with HFD, whereas M2 macrophage infiltration was not changed (Supplementary Fig. S1 online). 
Those results show that HFD alone promoted only a slight inflammation, dependent on the fat pad. Our results 
were different from data from another study that showed an increase in M1 macrophage infiltration in mPVAT 
in mice fed a HFD20, but it is possible that macrophage infiltration is a response to PVAT inflammation21. In 
SPX mice fed with HFD, on the other hand, besides an increase in pro-inflammatory cytokines we observed an 
increase of M1 macrophages and a reduction of M2 macrophages, although the latter effect seems to be due to 
HFD rather than lack of the spleen.

Alder et al. (2014) have demonstrated that CD8+ T lymphocytes are increased in the visceral WAT of mice 
submitted to HFD for 3 weeks22. Nishimura et al. (2009) also reported an increase in CD8+ T cells, in response to 
16-week HFD, considering them as the main factor that precedes and contributes to M1 macrophage accumula-
tion in visceral WAT in obesity23. However, in the present study, we did not observe changes in the percentage 
of CD4+ and CD8+ T cells in PVAT of SHAM mice on HFD. It has been shown that one type of CD8+ T cells 
(regulatory) can secrete inhibitory cytokines, such as IL-10, keeping the tissue in an inflammation-free state24. 
Since in mPVAT of HFD-SHAM mice the unaltered CD8+ T cells were associated to reduced pro-inflammatory 
cytokine levels, but, in mPVAT of HFD-SPX, reduced CD8+ T cells were associated to increased pro-inflam-
matory cytokynes, it should be investigated in future studies whether CD8+ T cells play an anti-inflammatory 
role in mPVAT.

Despite the spleen is a reservoir for a variety of immune cells, B cells are present in the highest proportion 
than other cells25. Thus, splenectomy could have a major effect on the quantity of such cells. In fact, in non-obese 
individuals, splenectomy promotes a deficiency in B cells26–28, whereas non-obese splenectomized mice displayed 
no changes in CD8+ cell numbers29. A cellular mechanism seems to be involved in the protective role of spleen 
against the HFD-induced effects. It has been described that IL-10-producing B cells from spleen protect visceral 
WAT against inflammation induced by HFD10. Spleen supports a pool of IL-10-producing B cells, which act in 
WAT and that, with a dietary lipid excess, are expanded12. However, the demand for IL-10-producing B cells 
with the expansion of WAT exceeds the B cell capacity of supplying this cytokine, causing a reduction in the 
protective action of IL-1012. This effect exacerbates M1 macrophage infiltration and obesity-related disorders30.

In the present study, despite the fact that the spleen has played a protective role in mPVAT of mice fed HFD, 
we could not see an association between lack of spleen and reduced B cells (in mice fed HFD) and between 
reduced B cell population and reduced IL-10 levels in mPVAT (in mice fed standard diet). This suggests a differ-
ent source of IL-10, besides splenic cells in mPVAT, and that HFD alters the non-splenic pool of B cells. IL-10 
may also be produced by visceral WAT-derived M2 macrophages, which is inhibited by free fatty acids31. Thus, 
it is possible that reduction in IL-10 levels was due to the reduction in M2 macrophages in mPVAT in mice fed 
HFD (SHAM and SPX). Moreover, a non-splenic pool of B cells could involve, for example, the adipose natural 
regulatory B cells found in subcutaneous and visceral WAT, which constitutively produce IL-10 and negatively 
control WAT inflammation32. Taken together, those findings suggest that cells distinct from splenic B cell pool 
may be responsible for IL-10 levels in mPVAT, which were impaired by HFD.

We also evaluated the HFD impact in the spleen. The expression of TNF-α was increased and IL-10 was 
reduced in the spleen from mice fed HFD for 16 weeks, indicating a local inflammatory process. A possible expla-
nation for our results is an unbalance in splenic redox status, since production of pro-inflammatory cytokines 
by the spleen was increased in HFD-induced obese mice and was associated with a reduced antioxidant capacity 
and oxidative stress33. However, Gotoh et al. (2012)10 observed that 8-week HFD feeding reduced the levels of 
TNF-α, IL-1β and MCP-1 in the spleen, suggesting that the diet time influences the spleen inflammation process. 
However, there is another difference beyond the duration of diet treatment, represented by the albumin sup-
plementation in that study. Nevertheless, splenectomy of mice fed an HFD increased those factors in WAT and 
liver10. It is interesting to note that independently of the spleen inflammation, its removal promotes inflammation 
in adipose tissue (visceral WAT and mPVAT) and liver.

In order to evaluate the communication, through chemotaxis, between spleen cells and mPVAT in response 
to HFD, we assessed the splenic cell migration to mPVAT. We observed a reduced splenic cell migration to 
mPVAT from HFD fed mice, suggesting a poor chemotaxis of spleen leukocytes. It could be pointed out that the 
size of the spleen cells may increase under stimulation34, for example by HDF, and that the larger cells could not 
migrate through the membrane used in the study. However, when the chemotaxis assay was performed using 
splenic cells from mice fed with standard diet, we still observed a decrease in number of migrated cells toward 
mPVAT from HDF fed mice. A limitation of the present study is that the transmigrated splenic cells toward 
mPVAT were not identified and further studies should evaluate if HFD induces a global decrease in capacity of 
mPVAT to recruit splenic cells or if it decreases the recruitment of a specific type of cell. It is interesting that the 
spleen had an apparent anti-inflammatory role, and splenectomy promoted a proinflammatory status in mPVAT. 
Taken together, these results demonstrate a similar protective role of spleen in mPVAT and other depots, even 
if PVAT represents a different kind of adipose tissue2.

It is important to note that, in the present study, 16-week HFD was not sufficient to promote adipocyte hyper-
trophy and promoted minimal changes of inflammatory markers in mPVAT. However, an increase in TNF-α 
concentration has been observed in the mPVAT from 16-week HFD fed rats20 and in the abdominal PVAT of 
16-week HFD fed mice, but not in the aortic PVAT35. This suggests that the susceptibility to HFD-induced 
inflammation depends on the animal model and the anatomical location of PVAT. Moreover, this difference may 
be explained by the fact that the C57Bl/6 mice used here do not have a mutation in the nicotinamide nucleotide 
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transhydrogenase gene. It has been reported that C57Bl/6 J substrains that present this mutation display a higher 
susceptibility to gain fat mass and to an impairment of glucose tolerance induced by HFD in comparison to 
C57Bl/6 without the mutation36,37.

Our results demonstrate, for the first time, that the spleen plays a role preventing adipocyte hypertrophy and 
inflammation response of mPVAT from mice fed with 16-week HFD. In conclusion, our findings show a role of 
spleen in modulating the inflammatory state in mPVAT from 16-week HFD fed mice, and that the modulation 
is tissue specific among different fat depots. Considering the importance of PVAT in the vascular regulation, 
both physiologically and in diseases, the lack of the spleen could lead to a disturbance of the mPVAT function 
with important consequences for blood vessels. Further studies should investigate the impact of the lack of the 
spleen on the anticontractile action mediated by mPVAT.

Material and methods
Ethical statement.  The Ethics Committee of the Institute of Biomedical Sciences of University of São Paulo 
approved the protocols of the present study (number 90/2013). All procedures were performed in accordance 
with the Brazilian National Law for Use and Welfare of Experimental Animals (nº 11.794) and the rules issued 
by the National Council for Control and Animal Experimentation (CONCEA) and the ARRIVE guidelines38.

Animal.  Three-week old C57Bl/6 male mice were obtained from the breeding stock of the Facility for SPF 
Mice Production at University of São Paulo Medical School. Mice were housed in a temperature-controlled 
room (22 ± 2 °C), under a 12 h light/12 h dark cycle, and provided with food and water ad libitum.

Splenectomy.  Four-week old mice were anesthetized with isoflurane (5% for induction and 2% for mainte-
nance in oxygen). After shaving and sterilization, the upper left abdominal quadrant was incised, and the spleen 
was carefully removed (SPX). Or else, the abdomen was incised, but the spleen was not removed, for the control 
procedure (SHAM).

Induction of obesity.  SPX and SHAM mice were divided in two groups and fed with standard diet 
(3.8 kcal/g: 70% carbohydrate; 20% protein; 10% fat) (Nuvilab CR1, Nuvital Nutrients S.A., Brazil) or with a 
high-fat diet (HFD) (5.4 kcal/g: 26% carbohydrate; 15% protein, 59% fat) (PragSoluções, Brazil) for 16 weeks. 
The body weight was recorded weekly, and the final weight after the 16-week diet period was presented.

Insulin tolerance test (ITT).  Mice were fasted for 6 h before the ITT. Sample of blood was taken from tail 
vein and blood glucose was measured by using a monitor and testing striping (Accu-Check, La Roche, Brazil) 
before (time 0) and after 4, 8, 12 and 16 min of intraperitoneal administration of the solution of insulin (0.75 IU/
kg of body mass).

Blood collection, tissue preparation and blood glucose and insulin measurements.  At the end 
of the diet period, mice were fasted for 6 h and anesthetized with 3% isoflurane. Blood was obtained by cardiac 
puncture and transferred to a container with EDTA (BD Biosciences). Mesentery and periepididymal and ret-
roperitoneal fat pads were excised. The spleen from SHAM mice was excised for analysis. In order to isolate the 
mesenteric PVAT, the intestine was excised and pinned in Sylgard-clad bottom of a dish filled with a cold physi-
ological salt solution. Under a dissection microscope, PVAT was removed along the branches of the mesenteric 
vessels (from first order arteries and the corresponding venules to the smallest vessels closer to the intestine), 
removing any lymph nodes and lymphatic vessels. mPVAT, periepididymal and retroperitoneal fat pads were 
weighed.

Blood samples were centrifugated (5000g for 15 min at 4 °C) to obtain plasma. Glucose levels were measured 
by using colorimetric kit (Labtest, Brazil). Insulin levels were determined by using a commercial ELISA kit 
(Cayman, USA).

Histological analysis.  mPVAT was fixed overnight in 10% PBS-buffered formalin and were thereafter 
stored in 70% ethanol. Fixed samples were paraffin-embedded and 5-μm thick sections were obtained from 
each sample, which were stained with hematoxylin and eosin. Sections were viewed under a microscope (Nikon, 
Japan) with a 20X objective. Photomicrographs were analyzed by using Image J (NIH, USA).

Analysis of leukocytes in tissues.  The spleen was passed through a 70 µm cell strainer (Corning, USA) 
and gently ground using the plunger of a syringe with 3 mL of PBS containing 1% fetal bovine serum to yield 
single-cell suspensions. Following centrifugation (400 g, 8 min), red cells were lysed using a hypotonic sodium 
chloride solution (0.2%), followed by incubation with a cold hypertonic sodium chloride solution (1.6%) for 30 s 
each. The cells were then centrifuged at 1500g for 6 min and the supernatant was discarded. Cells were stained 
with 0.01% Trypan blue and counted in a hemocytometer to obtain the total number of leukocytes. mPVAT was 
minced and digested using collagenase type XI (125 U/mL), collagenase type IS (450 U/mL) and hyaluronidase 
IV-S (60 U/mL) in Hank’s balanced salt solution with calcium and magnesium (Gibco, Thermo Fisher Scien-
tific, USA) for 20 min, at 37 °C, shaking at 600 g. The digested tissues were passed through a 70 µm cell strainer 
(Corning, USA) and gently ground using the plunger of a syringe. Following centrifugation (400g, 8 min), the 
supernatant was discarded by inversion.

Single cell suspensions were then incubated with 0.1 μg/mL of each antibody for 20 min. The information 
on the antibodies is presented in the Supplementary Table S1 online. For immunophenotyping, PVAT cells were 
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gated, and B lymphocytes were identified as CD45+ B220+; T lymphocytes were identified as CD3+ and CD4+ or 
CD3+ and CD8+. Additionally, macrophages were gated as F4/80+ and identified as M1 macrophages by F4/80+, 
CD206− and CD11c+ or as M2 macrophages identified by F4/80+, CD206+ and CD11c-. The flow cytometry 
analysis strategy is described in Supplementary Figure S3 online. For immunophenotyping spleen cells, first the 
cells were gated and the population of B cells and T cells were identified. B cells were characterized as B220+ cells, 
and T cells were characterized as CD3+ and CD4+ or CD3+ and CD8+ cells. Additionally, immature myeloid cells 
were identified as CD11b+ and Gr-1+ and macrophages as F4/80+ and CD11b+. Once labelled, at least 1 × 104 cells 
were acquired by flow cytometry. The flow cytometry analysis strategy is described in Supplementary Figure S4 
online. To establish negative controls, we prepared unstained and stained cells with fluorescence-minus-one 
(FMO) control stain sets. Data were acquired on a FACS CantoII (FACScan®, BD Biosciences, USA), and FlowJo® 
10 software (Tree Star Inc., USA) was used for data analysis.

Quantitative real‑time PCR.  Total cellular RNA was isolated from mPVAT and spleen using TRIzol® 
Reagent (Invitrogen, Thermo Fisher Scientific, USA) according to the manufacturer’s instructions. DNase I was 
employed to digest DNA to obtain pure RNA prior to the reverse transcriptase reaction. Total RNA (2 μg) was 
used for first-strand cDNA synthesis using High Capacity cDNA kit (Thermo Fischer Scientific, USA). Twenty 
ng of cDNA samples were submitted to real-time PCR amplification using GoTaq® qPCR Master Mix (Promega, 
USA) and specific oligonucleotides for hypoxia-inducible factor (HIF)-1α (forward: AGT​CAG​CAA​CGT​GGA​
AGG​T; reverse: CGT​CAT​GGG​TGG​TTT​CTT​G; 101  bp, NM_001313919.1) and adiponectin (forward: GAG​
AAA​GGA​GAT​GCA​GGT​CTTC; reverse: ACG​CTG​AGC​GAT​ACA​TAA​G; 145 bp, NM_009605.5) for mPVAT 
and TNF-α (forward: ATG AGC ACA GAA AGC ATG ATC; reverse: TAC AGG CTT GTC ACT CGA ATT; 
275 bp, NM_013693.2) and IL-10 (forward: AGG​CGC​TGT​CAT​CGA​TTT​CT; reverse: ATG​GCC​TTG​TAG​ACA​
CCT​TGG; 104 bp, NM_010548.2) for spleen. Hypoxanthine guanine phosphoribosyl transferase (HPRT) (for-
ward: TGC​TGA​CCT​GCT​GGA​TTA​CA; reverse: TTT​ATG​TCC​CCC​GTT​GAC​TGA; 120 bp, NM_013556.2) and 
cyclophilin A (forward: TAT​CTG​CAC​TGC​CAA​GAC​TGAGT; reverse: CTT​CTT​GCT​GGT​CTT​GCC​ATTCC; 
127 bp, NM_008907.2) were used as internal controls. Real-time PCR reactions were performed using the Cor-
bett Research system (Corbett Life Sciences, Australia). The conditions for PCR were as follows: 95 °C for 2 min, 
then 40 cycles of 95 °C for 15 s and 60 °C for 1 min. Expression data were calculated from the cycle threshold 
(Ct) value using the ΔΔCt method for quantification39. Expression of HPRT and cyclophilin A mRNA was used 
for normalization. Results were expressed as fold increase compared to control.

Western blot.  The spleen was homogenized in RIPA buffer (Millipore, USA) containing 1 μg/µL of a pro-
tease inhibitor cocktail and total protein concentration was determined by the BCA method (Thermo Fisher 
Scientific, USA). Samples were treated with Laemmli’s buffer containing 350 mM dithiothreitol. Fifty µg of total 
protein were resolved by sodium dodecyl-sulfate polyacrylamide gel electrophoresis, transferred to polyvi-
nylidene fluoride membrane (Amersham Hybond-P, GE Healthcare Life Sciences, UK) and incubated overnight 
at 4 °C with antibodies anti-IL-10 (1:1000; Novus Biologicals, JES5-2A5, USA) and anti-tumor necrosis factor 
(TNF)-α (1:500, BioLegend, 506101, USA) diluted in blocking solution (3% bovine serum albumin in TBS-T 
solution: 10 mM Tris, 150 mM NaCl and 0.02% Tween 20). Membranes were then washed with TBS-T solu-
tion and incubated with anti-rat IgG (1:2000, Abcam, USA, for IL-10) and anti-hamster IgG (1:2000, Jackson 
Immuno Research, USA, for TNF-α) antibodies conjugated to horseradish peroxidase diluted in blocking solu-
tion. Chemiluminescence signal was detected by an image system (Gel Logic, Carestream Molecular Imaging, 
USA) and the intensity of the bands was quantified by optical densitometry through the use of the ImageJ soft-
ware (NIH, USA). Bands obtained from spleen were normalized by densitometry of their respective line bands 
stained with Ponceau S. All values were expressed as arbitrary units (UA).

ELISA.  mPVAT was homogenized in RIPA buffer (Millipore, USA) containing 1 µg/µL of a protease inhibitor 
cocktail and total protein concentration was determined by the BCA method (Thermo Fisher Scientific, USA). 
The concentrations of TNF-α, IL-1β, interferon (IFN)-γ and IL-6 were determined using commercial ELISA kits 
(MAGPIX™, Luminex®, MiraiBio, USA). The data were analyzed using the xPONENT® 4.2 software (MAGPIX™, 
Luminex®, MiraiBio, Alameda, CA). The standard curves used ranged from 1.95 to 32,000 pg/mL. IL-10 (Abcam, 
USA) was measured by a commercial ELISA kit, according to the manufacturer’s instructions. The final cytokine 
concentrations were normalized by the total protein concentration of each sample. Serum adiponectin levels 
were measured with a commercial ELISA kit (R&D System, USA).

Chemotaxis assay.  Spleen cells were dissociated as described for flow cytometry and 1.5 × 106 cells in 
suspension in 1 mL of R10 medium with 10% fetal bovine serum (Millipore, USA) were added to the upper 
compartment of a transwell (6.5 mm diameter and 8 µm pore size; Millipore, USA). Eighty to a hundred mg of 
mPVAT from the respective animal were added in the lower compartment. As a control, in the lower compart-
ment only R10 medium was added, or in the upper compartment PVAT without spleen cells was added. Tran-
swell was incubated in a 5% CO2 environment at 37 °C, for 60 min. Cells that migrated to the lower compartment 
were quantified in a Neubauer chamber and normalized for the mPVAT mass. For each animal, the test was 
performed in duplicate.

Statistical analysis.  Prisma 6 0.0 (GraphPad Software Inc., USA) was used for data and statistical analysis. 
Data are expressed as mean ± standard error (SEM). Mean value differences between standard diet and HFD 
groups were compared with unpaired t-test. Two-way analysis of variance (ANOVA) followed by Bartlett’s test 
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for homogeneity of variance and Tukey post hoc test for multiple comparisons were used to compare standard 
diet and HFD groups that were submitted to sham-surgery or splenectomy. The significance level was P < 0.05.

Data availability
The datasets generated during and/or analyzed during the current study are available from the corresponding 
author on a reasonable request.

Received: 18 January 2021; Accepted: 11 May 2021

References
	 1.	 Nosalski, R. & Guzik, T. J. Perivascular adipose tissue inflammation in vascular disease. Br. J. Pharmacol. 174, 3496–3513 (2017).
	 2.	 Brown, N. K. et al. Perivascular adipose tissue in vascular function and disease: A review of current research and animal models. 

Arterioscler. Thromb. Vasc. Biol. 34, 1621–1630 (2014).
	 3.	 da Costa, R. M. et al. TNF-alpha induces vascular insulin resistance via positive modulation of PTEN and decreased Akt/eNOS/

NO signaling in high fat diet-fed mice. Cardiovasc. Diabetol. 15, 119. https://​doi.​org/​10.​1186/​s12933-​016-​0443-0 (2016).
	 4.	 Chatterjee, T. K. et al. Proinflammatory phenotype of perivascular adipocytes: Influence of high-fat feeding. Circ. Res. 104, 541–549 

(2009).
	 5.	 Henrichot, E. et al. Production of chemokines by perivascular adipose tissue: A role in the pathogenesis of atherosclerosis?. Arte-

rioscler. Thromb. Vasc. Biol. 25, 2594–2599 (2005).
	 6.	 Trottier, M. D., Naaz, A., Li, Y. & Fraker, P. J. Enhancement of hematopoiesis and lymphopoiesis in diet-induced obese mice. Proc. 

Natl. Acad. Sci. USA 109, 7622–7629 (2012).
	 7.	 Steiniger, B. S. Human spleen microanatomy: Why mice do not suffice. Immunology 145, 334–346 (2015).
	 8.	 Mebius, R. E. & Kraal, G. Structure and function of the spleen. Nat. Rev. Immunol. 5, 606–616 (2005).
	 9.	 Gotoh, K. et al. A novel anti-inflammatory role for spleen-derived interleukin-10 in obesity-induced hypothalamic inflammation. 

J. Neurochem. 120, 752–764 (2012).
	10.	 Gotoh, K. et al. A novel anti-inflammatory role for spleen-derived interleukin-10 in obesity-induced inflammation in white adipose 

tissue and liver. Diabetes 61, 1994–2003 (2012).
	11.	 Inoue, M. et al. Role of the spleen in the development of steatohepatitis in high-fat-diet-induced obese rats. Exp. Biol. Med. (May-

wood) 237, 461–470 (2012).
	12.	 Wu, L., Parekh, V. V., Hsiao, J., Kitamura, D. & Kaer, L. V. Spleen supports a pool of innate-like B cells in white adipose tissue that 

protects against obesity-associated insulin resistance. Proc. Natl. Acad. Sci. USA 111, E4638–E4647 (2014).
	13.	 Leite, N. C. et al. Splenectomy attenuates obesity and decreases insulin hypersecretion in hypothalamic obese rats. Metabolism 64, 

1122–1133 (2015).
	14.	 Lee, Y. S. et al. Increased adipocyte O2 consumption triggers HIF-1α causing inflammation and insulin resistance in obesity. Cell 

157, 1339–1352 (2014).
	15.	 Jo, J. et al. Hypertrophy and/or hyperplasia: Dynamics of adipose tissue growth. PLoS Comput. Biol. 5, e1000324. https://​doi.​org/​

10.​1371/​journ​al.​pcbi.​10003​24 (2009).
	16.	 Ye, J., Gao, Z., Yin, J. & He, Q. Hypoxia is a potential risk factor for chronic inflammation and adiponectin reduction in adipose 

tissue of ob/ob and dietary obese mice. Am. J. Physiol. Endocrinol. Metab. 293, E1118–E1128 (2007).
	17.	 Tsao, T. S. et al. Role of disulfide bonds in Acrp30/adiponectin structure and signaling specificity. Different oligomers activate 

different signal transduction pathways. J. Biol. Chem. 278, 50810–50817 (2003).
	18.	 Tsao, T. S., Lodish, H. F. & Frubis, J. ACRP30, a new hormone controlling fat and glucose metabolism. Eur. J. Pharmacol. 440, 

213–221 (2002).
	19.	 Lumeng, C. N. & Saltiel, A. R. Inflammatory links between obesity and metabolic disease. J. Clin. Invest. 121, 2111–2117 (2011).
	20.	 Bussey, C. E., Withers, S. B., Aldous, R. G., Edwards, G. & Heagerty, A. M. Obesity-related perivascular adipose tissue damage is 

reversed by sustained weight loss in the rat. Arterioscler. Thromb. Vasc. Biol. 36, 1377–1385 (2016).
	21.	 Xi, N. & Li, H. The role of perivascular adipose tissue in obesity-induced vascular dysfunction. Br. J. Pharmacol. 174, 3425–3442 

(2017).
	22.	 Adler, B. J., Green, D. E., Pagnotti, G. M., Chan, M. E. & Rubin, C. T. High fat diet rapidly suppresses B lymphopoiesis by disrupting 

the supportive capacity of the bone marrow niche. PLoS ONE 9, e90639. https://​doi.​org/​10.​1371/​journ​al.​pone.​00906​39 (2014).
	23.	 Nishimura, S. et al. CD8+ effector T cells contribute to macrophage recruitment and adipose tissue inflammation in obesity. Nat. 

Med. 15, 914–920 (2009).
	24.	 Yu, Y. et al. Recent advances in CD8(+) regulatory T cell research. Oncol. Lett. 15, 8187–8194 (2018).
	25.	 Chen, Z. et al. seq-ImmuCC: Cell-centric view of tissue transcriptome measuring cellular compositions of immune microenviron-

ment from mouse RNA-seq data. Front. Immunol. 9, 1286. https://​doi.​org/​10.​3389/​fimmu.​2018.​01286 (2018).
	26.	 Tracy, E. T. et al. Partial splenectomy but not total splenectomy preserves immunoglobulin M memory B cells in mice. J. Pediatr. 

Surg. 46, 1706–1710 (2011).
	27.	 Rosado, M. M. et al. Preserved antibody levels and loss of memory B cells against pneumococcus and tetanus after splenectomy: 

Tailoring better vaccination strategies. Eur. J. Immunol. 43, 2659–2670 (2013).
	28.	 Cameron, P. U. et al. Splenectomy associated changes in IgM memory B cells in an adult spleen registry cohort. PLoS ONE 6, 

e23164. https://​doi.​org/​10.​1371/​journ​al.​pone.​00231​64 (2011).
	29.	 Kim, M. T. & Harty, J. T. Splenectomy alters distribution and turnover but not numbers or protective capacity of de novo generated 

memory CD8 T-cells. Front. Immunol. 5, 568. https://​doi.​org/​10.​3389/​fimmu.​2014.​00568 (2014).
	30.	 Oh, D. Y., Morinaga, H., Talukdar, S., Bae, E. J. & Olefsky, J. M. Increased macrophage migration into adipose tissue in obese mice. 

Diabetes 61, 346–354 (2012).
	31.	 Nguyen, M. T. et al. A subpopulation of macrophages infiltrates hypertrophic adipose tissue and is activated by free fatty acids via 

Toll-like receptors 2 and 4 and JNK-dependent pathways. J. Biol. Chem. 282, 35279–35292 (2007).
	32.	 Nishimura, S. et al. Adipose natural regulatory B cells negatively control adipose tissue inflammation. Cell Metab. 18, 759–766 

(2013).
	33.	 Gu, X. et al. Obesity enhances antioxidant capacity and reduces cytokine levels of the spleen in mice to resist splenic injury chal-

lenged by Escherichia coli. J. Immunol. Res. 2020, 5948256. https://​doi.​org/​10.​1155/​2020/​59482​56 (2020).
	34.	 Beesetty, P. et al. Inactivation of TRPM7 kinase in mice results in enlarged spleens, reduced T-cell proliferation and diminished 

store-operated calcium entry. Sci. Rep. 8, 3023. https://​doi.​org/​10.​1038/​s41598-​018-​21004-w (2018).
	35.	 Police, S. B., Thatcher, S. E., Charnigo, R., Daugherty, A. & Cassis, L. A. Obesity promotes inflammation in periaortic adipose 

tissue and angiotensin II-induced abdominal aortic aneurysm formation. Arterioscler. Thromb. Vasc. Biol. 29, 1458–1464 (2009).
	36.	 Nicholson, A. et al. Diet-induced obesity in two C57BL/6 substrains with intact or mutant nicotinamide nucleotide tanshydrogenase 

(Nnt) Gene. Obesity 18, 1902–1905 (2010).



11

Vol.:(0123456789)

Scientific Reports |        (2021) 11:11153  | https://doi.org/10.1038/s41598-021-90600-0

www.nature.com/scientificreports/

	37.	 Siersbaek, M. S. et al. C57BL/6J substrain differences in response to high-fat diet intervention. Sci. Rep. 10, 14052. https://​doi.​org/​
10.​1038/​s41598-​020-​70765-w (2020).

	38.	 Kilkenny, C., Browne, W. J., Cuthill, I. C., Emerson, M. & Altman, D. G. Improving bioscience research reporting: The ARRIVE 
guidelines for reporting animal research. PLoS Biol. 8, e1000412. https://​doi.​org/​10.​1371/​journ​al.​pbio.​10004​12 (2010).

	39.	 Pfaffl, M. W. A new mathematical model for relative quantification in real-time RT–PCR. Nucleic Acids Res. 29, 2002–2007 (2001).

Acknowledgements
The authors acknowledge Sônia R.M. Leite for the technical assistance provided.

Author contributions
The study was conceptualized, and experiments were designed by RNOS and EHA. RNOS prepared the animal 
model, performed the surgery and conducted the histological analysis and Western blots. Flow cytometry was 
conducted and analyzed by RNOS, CD and RAF. DSS and TG helped in flow cytometry analysis. Quantitative 
PCR and serum adiponectin quantification were conducted and analyzed by RNOS and RASE. Cytokines were 
quantified by RNOS and RGL. Chemotaxis assay was conducted and analyzed by RNOS and SFR. DSS, TG and 
MHCC contributed to the interpretation of data. EHA acquired and administrated funding. RNOS and EHA 
wrote the manuscript. RASE, SFR, DSS, RGL and RAF revised the manuscript. All authors approved the final 
version.

Funding
Fundação de Amparo à Pesquisa do Estado de São Paulo (FAPESP) [Grant Number 11/51254-7], Conselho 
Nacional de Desenvolvimento Científico e Tecnológico (CNPq) [Grant Number 471918/2010-5], and Coorde-
nação de Aperfeiçoamento de Pessoal de Nível Superior (CAPES) [Finance Code 001] have funded this study. 
RNOS was the recipient of a fellowship from CNPq, and CD and SFR from FAPESP. RNOS received a fellowship 
from Programa de Doutorado Sanduíche no Exterior (PDSE) of CAPES [Grant Number 88881.132199/2016-01].

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://​doi.​org/​
10.​1038/​s41598-​021-​90600-0.

Correspondence and requests for materials should be addressed to E.H.A.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2021


