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Abstract

Thrombocytopenia has been described in most of patients with acute and chronic liver failure. 

Decreased platelet production and decreased half-life of platelets might be a consequence of low 

levels of TPO in these patients. Platelet production is tightly regulated to avoid bleeding 

complications after vessel injury and can be enhanced under elevated platelet destruction as 

observed in liver disease. Thrombopoietin (TPO) is the primary regulator of platelet biogenesis 

and supports proliferation and differentiation of megakaryocytes. Recent work provided evidence 

for the control of TPO mRNA expression in liver and bone marrow by scanning circulating 

platelets. The Ashwell-Morell receptor (AMR) was identified to bind desialylated platelets to 

regulate hepatic thrombopoietin (TPO) production via JAK2-STAT3 activation. 2/3 partial 

hepatectomy (PHx) was performed in mice. Platelet activation and clearance by AMR/JAK2/

STAT3 signaling and TPO production was analyzed at different time points after PHx. Here, we 

demonstrate that PHx in mice led to thrombocytopenia and platelet activation defects leading to 

bleeding complications but unaltered arterial thrombosis in these mice. Platelet counts were 

rapidly restored via up-regulation and crosstalk of the AMR and the IL-6 receptor to induce JAK2-
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STAT3-TPO activation in the liver accompanied by an increased number of megakaryocytes in 

spleen and bone marrow before liver was completely regenerated. Conclusion: The AMR/IL-6R-

STAT3-TPO signaling pathway is an acute phase response to liver injury to reconstitute 

hemostasis. Bleeding complications were due to thrombocytopenia and platelet defects induced by 

elevated PGI2, NO and bile acid plasma levels early after PHx that might be also causative for the 

high mortality in patients with liver disease.
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Introduction

An adequate supply of fully functional platelets is necessary to achieve hemostasis after 

vascular damage. Platelet production is tightly regulated to avoid either bleeding or arterial 

thrombosis according to low or high platelet counts. In humans ~1011 platelets are daily 

produced and removed. However, platelet production can be enhanced under conditions of 

platelet destruction, e.g. in response to acute infection. The primary regulator of platelet 

production is thrombopoietin (TPO) that supports the survival, proliferation and 

differentiation of megakaryocytes, the platelet precursors [1]. In general, the plasma 

concentration of TPO is inversely related to the mass of platelets and megakaryocytes. 

However, the mechanisms how circulating TPO levels are controlled have been discussed for 

decades. While some researchers believe that TPO levels in plasma are maintained by its 

uptake and metabolism by Mpl receptors on platelets and megakaryocytes [2, 3], others 

provided evidence for sensing circulating platelet levels to control TPO mRNA expression in 

liver and bone marrow (BM) [4, 5]. Recently, Grozovsky and colleagues have highlighted 

the role of sialic acid loss and platelet removal by the hepatic Ashwell Morell receptor 

(AMR). They found platelet production to be regulated by the AMR that controls hepatic 

TPO production via the JAK2/STAT3 signaling pathway[6]. Loss of sialic acid determines 

the life span of platelets that triggers platelet removal by hepatic AMR. Desialylated 

platelets bind to the AMR to induce hepatic expression of TPO mRNA and protein to 

regulate platelet production.

Thrombocytopenia has been described in most of patients with acute and chronic liver 

failure that are causative for bleeding problems in these patients [7]. Decreased platelet 

production and decreased half-life of platelets might be a consequence of low levels of TPO 

in these patients [8–11]. Besides, platelet activation defects have been reported in 

experimental mice [12] and patients with cirrhosis [13–16]. In bile duct ligated (BDL) mice, 

elevated nitric oxide and prostacyclin levels induced phosphorylation of the platelet inhibitor 

vasodilator-stimulated phosphoprotein (VASP) leading to prolonged platelet activation 

defects and defective hemostasis in BDL mice [17, 18].

However, platelet production following activation of the AMR and JAK2/STAT3 signaling 

was reported in healthy individuals. The consequences of cytokine signaling and reduced 

platelet life span upon liver injury are not known to date. Moreover, regulation of plasma 
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TPO levels by hepatic AMR has not been investigated in mice with reduced liver tissue e.g. 

after partial hepatectomy (PHx).

In this study, we provide first evidence that enhanced platelet turnover and cytokine 

signaling synergistically control TPO homeostasis in the remaining liver tissue via activation 

of the AMR and IL-6R to restore platelet counts in the early phase after PHx in mice. 

Platelet activation defects were moderate and occurred early after PHx resulting in bleeding 

complications at day 1 and day 3 after PHx, while arterial thrombosis was not prevented.

Material and Methods

Animals.

Specific pathogen-free C57BL/6J mice were obtained from Janvier Labs. IL-6r−/− and 

Asgr2−/− mice were obtained from Jackson Laboratory and the Animal Facility of the 

Heinrich-Heine University of Düsseldorf. Experiments were performed with male mice in 

the age of 8–16 weeks. All animal experiments were conducted according to the Declaration 

of Helsinki and the guidelines from Directive 2010/63/EU of the European Parliament on the 

protection of animals. The protocol was approved by the Heinrich-Heine-University Animal 

Care Committee and by the State Agency for Nature, Environment and Consumer Protection 

of North Rhine-Westphalia (LANUV, NRW; Permit Number 84–02.04.2015.A462, O 86/12 

and 84–02.04.2016.A493).

Results

PHx in mice is associated with thrombocytopenia and anemia at early time points.

PHx was performed and 2/3 of the liver in wildtype (WT) mice was removed. Sham 

operated control mice underwent the same surgical procedure without ligation and removal 

of liver tissue. Blood cell counts and liver weight were analyzed in both groups. Platelet 

counts were significantly reduced by 16.411% 1 day after surgery and fully restored 7 days 

after PHx (Fig. 1A) while platelet size was enhanced at 1 and 3 days after surgery (Fig. 1D) 

as compared to platelets from sham controls. Likewise, red blood cell (RBC) count was 

significantly reduced by 8.75% 1 day after PHx and restored 7 days after PHx (Fig. 1B) 

while no major alterations in white blood cell counts were detected (Fig. 1C). Liver weight 

ratio to body weight was significantly reduced 1, 3 and 7 days after PHx. In line with recent 

data, liver was fully regenerated 14 days post PHx (Fig. 1E) [19].

PHx provokes platelet activation defects and reduced thrombus formation resulting in 
impaired hemostasis at early phase after PHx.

A detailed analysis of platelets 1 day post PHx revealed unaltered glycoprotein exposure at 

the surface of platelets isolated from PHx mice (Fig. 1F). Platelet activation was analyzed by 

antibody binding to activated integrin αIIbβ3 (fibrinogen receptor) and determination of P-

selectin exposure as marker for degranulation using flow cytometry (Fig. 1G–I). Reduced 

integrin activation restricted to stimulation of platelets with collagen-related peptide (CRP) 

that activates the major collagen receptor glycoprotein (GP) VI was detected (Fig. 1G) while 

the number of integrin αIIbβ3 at the platelet surface was reduced in response to CRP and 
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thrombin (Fig. 1H). Degranulation of platelets in hepatectomized mice was significantly 

reduced in response to the second wave mediators ADP+U46619 (thromboxane analog), 

intermediate and high concentrations of CRP, low and intermediate concentrations of the 

thrombin receptor activator PAR4 peptide and low dose of thrombin (Fig. 1I). To analyze 

platelet activation under more physiological condition, flow chamber experiments were 

performed. Platelet adhesion and three-dimensional thrombus formation was analyzed at 

arterial shear rates (1.000 sec−1, 1.700 sec−1) using collagen coated coverslips (Fig. 1J). 

Thrombus formation was significantly reduced when we perfused whole blood isolated from 

hepatectomized mice through the chamber compared to whole blood from sham controls.

Next, we investigated if platelet activation defects are relevant in vivo. To this end, bleeding 

time experiments were conducted and time was recorded when bleeding stops after cutting 

the tail tip of mice. As shown in Fig. 1K, bleeding time was significantly prolonged 1 day 

after PHx compared to sham controls (Fig. 1K). In addition, we examined arterial thrombus 

formation in mice 1 day after PHx. Fe3Cl-induced injury of the carotid artery led to 

occlusion of the vessel after 439 sec ± 57 in hepatectomized mice and 409 sec ± 29 in sham 

controls (Fig. 1K) suggesting no major alterations in arterial thrombosis after PHx in mice 

despite defective hemostasis.

Further analysis of platelet activation and thrombus formation 3 days after PHx revealed 

significantly enhanced the exposure of GPIbα and integrin β3 at the platelet surface of 

hepatectomized mice in contrast to 1 day after PHx (Fig. 2A), whereas integrin αIIbβ3 

activation was still significantly reduced in response to intermediate and high concentrations 

of CRP but unaltered in response to G-protein coupled receptor activation such as thrombin 

and ADP/U46619 (Fig. 2B). In contrast to day 1 post PHx, the exposure of integrin β3 was 

significantly enhanced in resting and ADP stimulated platelets from PHx mice compared to 

sham controls (Fig. 2C). P-selectin exposure as marker for degranulation was only 

moderately but still significantly reduced at the surface of platelets from PHx mice when 

they were stimulated with CRP or thrombin (Fig. 2D). Moderate platelet activation defects 

translated into impaired thrombus formation under flow ex vivo using a shear rate of 1.000 

sec−1 but not at a shear rate of 1.700 sec−1 (Fig. 2E). Moreover, bleeding time was still 

significantly reduced but to a lesser extent compared to 1 day after PHx (Fig. 2F). However, 

no differences in platelet activation and thrombus formation were detected 7 (Supporting 

Fig. 1, A–E) and 14 days (Supporting Fig. 2, A–E) after PHx.

Defective platelet activation after PHx is caused by elevated nitric oxide, prostacyclin and 
bile acid plasma levels.

To investigate the mechanisms responsible for reduced platelet activation and thrombus 

formation 1 and 3 days after PHx, we analyzed the phosphorylation of VASP, a negative 

regulator of platelet activation. VASP can be phosphorylated at Ser157 via protein kinase 

(PK)A that is activated by prostaglandin I2 (prostacyclin, PGI2) and at Ser239 via PKG 

which is activated by nitric oxide (NO) [18, 20, 21]. We started to measure the plasma 

concentration of PGI2 by ELISA. At day 1 post PHx, PGI2 plasma levels were significantly 

enhanced and returned to normal levels at day 3 post PHx compared to sham controls (Fig. 

3A). Further, we investigated the stable NO metabolites nitrate and nitrite by ELISA. At 1 
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day after surgery levels of NO metabolites were enhanced while no major alterations were 

observed 3 days post PHx (Fig. 3B). According to enhanced PGI2 plasma levels, we detected 

enhanced phosphorylation of VASP at Ser157 in platelets of hepatectomized mice compared 

to controls using Western blot analysis. However, no major alterations in the 

phosphorylation of VASP at Ser157 were detected 3 days post PHx (Fig. 3, C and D, 

Supporting Fig. 3, A and B). In line with enhanced NO metabolites enhanced VASP 

phosphorylation at Ser239 was detected in platelets from hepatectomized mice stimulated 

with the corresponding NO analogue sodium nitroprusside (SNP). However, no alterations 

were detected 3 days post PHx (Fig. 3, E and F, Supporting Fig. 3, A and B).

Previously we have shown that enhanced plasma levels of bile acids account for platelet 

activation defects in bile duct ligated mice (17). Therefore, we analyzed total plasma levels 

of bile acids in hepatectomized mice. Enhanced total bile acid plasma levels were detected 

in mice at day 1 and 3 after PHx compared to sham controls consistent with published data 

(Fig. 3G) [22]. To provide evidence that bile acids induce platelet activation defects, we 

incubated whole blood with different tauro-conjugated endogenous bile acids since 

especially taurine-conjugated bile acids are present in the plasma of hepatectomized mice 

(Supporting Fig. 4A) and analyzed platelet adhesion and thrombus formation at arterial 

shear rates ex vivo. Incubation of whole blood with the hydrophilic bile acids taurocholate 

(TC) or taurochenodeoxycholate (TCDC) did not alter thrombus formation under flow while 

the addition of hydrophobic taurodeoxycholate (TDC) or taurolithocholate (TLC) to whole 

blood led to significantly reduced thrombus formation under flow compared to controls (Fig. 

3H). However, no alterations were detected when platelets were incubated with 50 μM TC, 

TCDC, TDC and TLC, respectively and platelet aggregation in response to PAR4 peptide 

and CRP was analyzed under static conditions (Supporting Fig. 4, B–E). These results 

suggest that hydrophobic bile acids affect platelet activation under dynamic conditions 

beside high plasma concentrations of PGI2 and NO.

Efficiently restored thrombopoietin production is mediated via desialylated platelet uptake 
into the diseased liver by the AMR and JAK2 and STAT3 signaling.

TPO the major regulator of platelet production is primarily produced in the liver [23]. The 

paradox early restoration of platelet counts 3 days after PHx, a time point where the liver 

tissue is still strongly reduced in hepatectomized mice, prompted us to analyze TPO 

production in the remaining liver tissue in further detail. Senescent desialylated platelets 

stimulate TPO production [6]. Therefore, we first characterized circulating platelets for 

phosphatidylserine exposure (PS) at the platelet surface as marker for pro-coagulant activity 

which might be also important for recognition and subsequent removal of senescent platelets 

[24]. At early time points after surgery with enhanced levels of PGI2, NO and bile acids, no 

major alterations in PS were detected between platelets from hepatectomized mice and sham 

controls (Fig. 4A). However, 7 days after PHx, decreased PS exposure on the surface of PHx 

platelets was detected following platelet activation with CRP. Reduced PS returned to basal 

levels 14 days after surgery when liver tissue regeneration was completed. Aging platelets 

lose sialic acid, the terminal carbohydrate moiety that covers the underlying galactose 

residues, a ligand for the hepatic AMR. Desialylated aged platelets are removed from the 

circulation by hepatic AMR to regulate TPO production via JAK2-STAT3 [25]. We 
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speculated that platelets following PHx may be cleared in the liver via glycan dependent 

mechanisms. Thus, we next investigated the sialic acid content of circulating platelets post 

PHx. The fraction of desialylated platelets was examined by platelet lectin binding such as 

Ricinus communis agglutinin (RCA-1), a lectin that recognizes terminal galactose residues 

(Fig. 4B). Reduced lectin binding was detected 1 day post PHx reflecting a reduced 

percentage of desialylated platelets. This suggests that desialylated platelet clearance is 

accelerated at early time points after PHx (Fig. 4B). In contrast, we detected enhanced lectin 

binding of platelets from hepatectomized mice at day 7 after surgery. Thiazole orange 

staining revealed an elevated number of newly produced platelets 7 days after PHx but no 

alterations at any other time point (1d, 3d, 14d, Fig. 4C). These results suggest a reciprocal 

relationship between two clearance mechanisms at early and late time points after PHx: 1st, 

reduced desialylated platelet clearance at early time points (day 1) and 2nd, increased 

clearance of PS-positive platelets at late time points (day 7), a notion that is supported by 

galactose exposure at day 1 and reduced PS exposure with increased RCA-1 binding of PHx 

platelets at day 7. Enhanced numbers of RNA-rich, newly produced platelets 7 days after 

PHx (Fig. 4, A–C), further supports the notion. Platelet clearance can be also induced by 

vWF binding to GPIb leading to the release of neuraminidase and subsequent platelet 

desialylation [26]. Analysis of neuraminidase (Neu)-1 expression after PHx revealed that 

platelets of PHx mice have a higher Neu-1 expression on their surface compared to sham 

controls (Supporting Fig. 5A). In vitro, vWF binding to GPIb induce by the snake venom 

botrocetin led to increased Neu-1 expression in sham operated mice while the upregulation 

of Neu-1 was almost inhibited in PHx mice (Fig 4D). At the same time, no difference in the 

plasma activity of Neu-1 was detected (Supporting Fig. 5B). This effect of vWF-GPIb 

mediated increase of Neu-1 expression was confirmed by blocking vWF-binding to GPIb 

(Fig 4D). In addition, Neu-1 expression was also reduced when platelets from PHx mice 

were stimulated with 1 μg CRP. However, Neu-1 activity was unaltered while vWF plasma 

levels were enhanced in mice 24h after PHx compared to sham controls (Supporting Fig. 

5A–C). Thus, reduced platelet activation early after PHx probably leads to reduced 

neuraminidase exposure that might account for the reduced number of desialylated platelets 

in the circulation of PHx mice suggesting that shear stress induced vWF binding at least 

partially contributes to the reduced number of lectin positive platelets that were detected 

after PHx.

Concomitant with reduced lectin binding of circulating platelets we identified platelets 

invading into the liver at day 1 and to a lesser extent at day 3 (Fig. 4E). This might be due to 

the binding of desialylated platelets to the AMR inducing hepatic TPO gene transcription 

and translation to regulate platelet production [6] in the remaining liver tissue early after 

PHx. Therefore, gene expression of both subunits of the AMR, Asgr1 and Asgr2, were 

examined in the remaining liver tissue at different time points after surgery. Expression of 

the Asgr1 was enhanced with a peak at 6 hours and a smaller peak at 3 days while Asgr2 
expression was enhanced only at 3 days after PHx (Fig. 4, F and G). Different reports 

demonstrated that IL-6 could stimulate thrombopoiesis through TPO in an inflammatory 

environment [27, 28]. Here, the expression of the IL-6 receptor (IL-6R) in the remaining 

liver tissue was measured. In line with increased Asgr1/2 expression in the remaining liver, 

expression of Il-6r was elevated in the liver of hepatectomized mice with a similar 

Reusswig et al. Page 6

Hepatology. Author manuscript; available in PMC 2021 July 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



expression pattern observed in Asgr1 expression (Fig. 4H). Enhanced expression of Asgr1/2 
and Il-6r was accompanied by enhanced Tpo expression 6 hours and 3 days post PHx (Fig. 

4I) despite a significant reduction in liver weight to body weight observed at 1 day to 3 days 

after PHx (Fig. 1E). In plasma, enhanced TPO levels were detected at day 1 post PHx 

compared to sham controls (Fig. 4J). A significant elevation of synthesized and released 

TPO was also evident at day 3 when relative TPO levels were measured in comparison to 

total liver mass (Fig. 4K). AMR signals through Janus kinase 2 (JAK2) and the acute phase 

response signal transducer and activator of transcription 3 (STAT3)[6]. Thus, the 

phosphorylation of JAK2 and STAT3 at different time points after PHx was examined (Fig. 

4L). In line with enhanced plasma TPO levels, phosphorylation of JAK2 and STAT3 was 

enhanced 1 day post PHx using Western blot (Fig. 4, L–N, Supporting Fig. 6, A and B). 

Hence, the data show that glycan-dependent clearance of platelets is occurring in the liver 

followed by upregulation of AMR-dependent JAK2-STAT3 regulated TPO production.

Enhanced AMR-JAK2-TPO signaling after PHx provokes elevated megakaryopoiesis in 
spleen and bone marrow.

Megakaryopoiesis is mainly controlled by TPO. To investigate if increased AMR-JAK2-

TPO signaling affects megakaryopoiesis in spleen and bone marrow to restore platelet 

counts, spleen weight to body weight ratio was measured at different time points after PHx. 

The ration was significantly increased 3 and 7 days after PHx compared to sham controls 

(Fig. 5, A and B). Accordingly, the number of megakaryocytes in spleen and bone marrow 

was enhanced 3 and 7 days after PHx (Fig. 5, E–H). In line with splenomegaly, clearance of 

platelets was observed by an increased fraction of platelets in the spleen of mice 7 days post 

PHx compared to sham controls suggesting clearance of PS-positive platelets at this time 

point by splenic macrophage scavenger receptors (Fig. 5, C and D). This accelerated platelet 

sequestration into spleen may explain the increase in spleen size at later time points. Taken 

together, the increase in megakaryocytes in spleen and bone marrow supports the increased 

number of produced platelets. The data further suggest that enhanced clearance of PS-

positive platelets in the spleen either allows platelets to circulate with enhanced RCA 

binding to platelets at day 7 post PHx or young platelet express more terminal galactose that 

is not recognized by galactose receptors such as the AMR (Fig. 4, B and C).

Cytokine signaling via the IL-6R and STAT signaling plays a crucial role in TPO 
homeostasis after PHx.

IL-6R expression is significantly increased 6 hours after PHx (Fig. 4G). To investigate in 

further detail, how IL-6R signaling is involved in TPO homeostasis and restoration of 

platelet counts after PHx, we analyzed IL-6r−/− mice at steady state (native) and after PHx 

(up to 24 hours after surgery because of high mortality of IL-6r−/− mice). IL-6r−/− mice 
showed significantly enhanced platelet counts under native conditions compared to wildtype 

(WT) mice. However, platelet counts were strongly reduced in IL-6r−/− mice as well as in 

WT mice 1 day after PHx (Fig. 6A). Platelets from IL-6R deficient mice showed enhanced 

size under native conditions and after PHx compared to WT controls as measured by flow 

cytometry (Fig. 6B). Thiazole orange staining revealed an elevated number of young 

platelets in IL-6R deficient mice after PHx compared to native conditions as well as to WT 

mice after PHx (Fig. 6C). A significantly reduced number of desialylated platelets in IL-6R 
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deficient mice under native conditions provided evidence for an enhanced platelet clearance 

of desialylated platelets (Fig. 6D). The expression of the AMR subunits Asgr1 and Asgr2 
was significantly up-regulated in IL-6R deficient mice under native conditions. Early after 

PHx, the expression of the subunit Asgr1 was enhanced as well supporting the notion of 

increased desialylated platelet uptake by the AMR (Fig. 6E). No difference was detected in 

the expression of the Asgr2 at any time point after PHx (Fig. 6F). Interestingly, Il-6r was 

likewise up-regulated in the liver of native Asgr2−/− mice (Supporting Fig. 7F). Accordingly, 

Tpo expression in the liver of native mice and in the remaining tissue after PHx was 

significantly enhanced in IL-6R deficient mice (Fig. 6G). We next analyzed the downstream 

signaling pathway following AMR activation in the liver. Phosphorylation of JAK2 and 

STAT5 was indistinguishable between WT and IL-6R deficient mice under native conditions 

while the phosphorylation of STAT-3 was significantly reduced in IL-6R deficient mice (Fig. 

6, H–L, Supporting Fig. 7A). However, 1 day post PHx, phosphorylation of STAT3 was up-

regulated in both groups while STAT5 seemed to be not regulated after PHx. However, the 

phosphorylation of JAK2 was significantly enhanced in the liver of WT but only by trend in 

IL-6R deficient mice (Fig. 6, H and I, Supporting Fig. 7B). In line with enhanced Tpo 
expression in the liver of IL-6R knock-out mice, enhanced TPO protein levels were observed 

in the livers of WT and IL-6R deficient mice isolated 1 day after PHx in (Fig. 6J, Supporting 

Fig. 7B). Accordingly, TPO plasma levels were enhanced in IL-6R knock-out mice under 

native conditions and 1 day after PHx. However, plasma levels of TPO were significantly 

lower 12 hours after PHx compared to WT controls suggesting attenuated release of TPO 

from the liver into the circulation (Fig. 6K).

Subsequently, we analyzed if accelerated desialylated platelet clearance affects the number 

of megakaryocytes in the bone marrow and spleen of IL-6R deficient mice 1 day post PHx 

as suggested by decreased number of RCA-1 binding platelets at early time points post PHx 

(Fig. 4C). An increased number of megakaryocytes was observed in the bone marrow and in 

spleen of IL-6R deficient mice under native conditions compared to WT controls (Fig. 6, L 

and M). After PHx, the number of megakaryocytes was significantly enhanced in spleen but 

not in bone marrow of IL-6R deficient mice (Fig. 6, L and M). In line with unaltered counts 

of megakaryocytes in bone marrow and spleen between sham controls and PHx mice 1 day 

after PHx (Fig. 5, C–F), no differences were observed in native WT mice compared to 1 day 

after PHx. Increase in bone marrow megakaryocytes in response to TPO stimulation was 

only overserved at 3–7 days post PHx. Spleen weight was comparable between WT and 

IL-6R knock-out mice under native conditions and after PHx (Supporting Fig. 7E). 

However, platelet sequestration into the spleen of IL-6r−/− mice was enhanced under native 

conditions and 1 day post PHx compared to WT controls. (Supporting Fig. 7, C and D). The 

unaltered spleen weight in IL-6R deficient mice points to enhanced platelet destruction in 

IL-6R deficient mice as suggested by a significantly reduced number of desialylated 

platelets in IL-6R deficient mice under native conditions (Fig. 6D).

To analyze if recombinant IL-6 is able to stimulate thrombopoiesis after PHx, we treated 

mice with recombinant hyper-IL6 (hIL-6) because hIL6 has a 10 times higher bioactivity 

than IL-6 alone and a longer bioavailability in vivo [29]. While no differences in platelet 

counts could be observed after hIL6 treatment, enhanced platelet size was measured in hIL-6 

treated mice compared to controls (Supporting Fig. 8A–B). Additionally, hIL-6 application 
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induced enhanced TPO plasma levels, which was accompanied by an enhanced number of 

MKs in the spleen but not in the bone marrow of hIL-6 treated mice 24h after operation 

(Supporting Fig. 8C–G). These results give a first indication that treatment with recombinant 

IL-6 induces thrombopoiesis after PHx. However, further experiments in near future are 

needed to clarify the role of IL-6 signaling for thrombopoiesis.

Discussion

Here we report that platelet counts were rapidly restored after PHx via the AMR/IL-6R-

JAK2-STAT signaling pathway leading to elevated TPO expression and release from the 

remaining liver tissue to reconstitute hemostasis at early time points when liver tissue has 

not been fully regenerated. This strongly suggests that enhanced platelet turnover and 

cytokine signaling synergistically control TPO homeostasis in the remaining liver tissue. In 

addition, we provide evidence that platelet activation defects were moderate due to elevated 

plasma levels of NO, PGI2 and bile acids early after PHx leading to defective hemostasis at 

day 1 and day 3 after surgery.

This is the first report to show how TPO homeostasis and restoration of platelet counts is 

regulated in mice with significantly reduced liver tissue. Thrombocytopenia in liver disease 

develops as a consequence of decreased platelet production, increased destruction/platelet 

turnover and increased consumption or splenic sequestration [7, 30], all markers that were 

also found in mice after PHx. Depressed TPO levels in chronic liver diseases result in a 

reduced rate of platelet production as TPO regulates both platelet production and maturation 

which is impaired in chronic liver disease [30]. Thus, regulation of TPO is a long-known 

factor in liver disease. As the liver is the major site of TPO production [31] it is reasonable 

to expect decreased plasma levels in patients with liver disease. Indeed, TPO mRNA levels 

in the liver were slightly decreased in cirrhosis [32] and/or chronic hepatitis [33–35], and 

normalize after liver transplantation [36, 37]. However, increased serum TPO levels in 

hepatitis C and cirrhotic patients also have been published [11, 38]. This might be due to the 

time point of the TPO measurements since we observed a bi-phasic upregulation of TPO 

expression at early time points after PHx with increased cytokine signaling that might be 

different e.g. in chronic liver failure with chronic inflammation.

In liver disease, thrombocytopenia is an indicator of advanced disease and poor prognosis. 

However, thrombocytopenia is often accompanied by platelet activation defects, and this all 

together might contribute to the bleeding diathesis in liver failure [30, 39]. Enhanced 

bleeding risk is described in patients with liver transplantation [39]. However, high platelet 

counts are beneficial for the outcome after liver resection and liver transplantation not only 

with regard to bleeding complications but also due to their ability to promote liver 

regeneration [40]. Here we report that bleeding complications in mice are related to 

decreased platelet counts and platelet activation defects at day 1 and 3 after PHx but 

probably also due to a reduction of coagulation factors which are produced in the liver. 

However, the remaining liver tissue can rescue platelet counts by up-regulation of the AMR/

IL-6R-JAK2-STAT signaling pathway already 6h after surgical treatment, at least in mice 

(Fig. 4, E–H). Since PGI2, NO and bile acid levels normalize already at 3 days (NO, PGI2, 

Fig. 3, A and B) and 7 days (bile acids, Fig. 3G) after PHx, platelet counts and platelet 
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activation is already rehabilitated 7 days after PHx when liver regeneration is not fully 

completed (Fig. 1E). This might be different in chronic liver disease in patients or 

experimental mice, e.g. in BDL mice where bile acids circulate in plasma for weeks and 

platelet activation defects including defective hemostasis were detected until 21 days after 

bile duct ligation [17]. Interestingly, arterial thrombosis was not prevented by concomitant 

low platelet counts and platelet defects 1 day post PHx (Fig. 1K). However, thrombosis has 

been also described in patients with liver failure despite reduced synthesis of procoagulant 

proteins, platelet defects and bleeding complications [39, 41]. There are reports about 

platelet defects in knock-out mice which do protect these mice against thrombosis but do not 

alter hemostasis, e.g. in PLD1 deficient mice [42] suggesting that there might be co-existing 

processes of hemostasis that may not cause thrombosis and vessel occlusion and the other 

way around. To date, the recognition of circulating desialylated platelets by hepatic AMR 

and the regulation of TPO mRNA expression and secretion via JAK2-STAT3 signaling was 

shown under steady state conditions [6]. Recently, Kupffer cells were identified as the main 

trigger of platelet clearance. The authors described a new mechanism that includes the 

collaboration of the macrophage galactose lectin (MGL) with the AMR on Kupffer cells to 

remove desialylated platelets from the circulation in native mice [43]. To our knowledge, 

nothing is hitherto known about regulatory feedback mechanisms in liver disease with 

enhanced cytokine signaling. Thus, the underlying mechanisms are crucial for the 

understanding of enhanced platelet turnover/destruction and reduced platelet counts in 

disease. However, our data does not clearly show if hepatocytes and/or Kupffer cells are 

responsible for platelet clearance and TPO production after PHx. Thus, further experiments 

are needed in near future to identify the cell population in liver that can efficiently restore 

platelet counts after PHx.

Enhanced destruction of platelets has been described in liver disease and therefore is a 

common feature in chronic and acute liver failure [30, 39]. To date, it is completely 

unknown how the AMR-JAK2-STAT3 signaling pathway is regulated in liver disease. Our 

study shows for the first time that IL-6R signaling in the liver is involved in TPO hemostasis 

and megakaryopoiesis upon elevated cytokine signaling as it occurs after PHx. Thus, 

elevated cytokine plasma levels account for the regulation of platelet counts upon 

accelerated platelet clearance. Different reports suggested that IL-6 is able to stimulate 

thrombopoiesis through TPO in an inflammatory environment [27, 28]. This together with 

the fact that the AMR signaling pathway shares similarities with that of the IL-6R prompted 

us to investigate the role of IL-6R in TPO homeostasis in more detail. First, we detected 

elevated IL-6R mRNA in the liver after PHx as already observed for the AMR (Fig. 4G). 

IL-6R knock-out mice exhibited reduced platelet counts after PHx like WT mice but their 

platelets were increased in size and they had significantly more young platelets in the 

circulation suggesting an enhanced platelet turnover compared to WT mice. The loss of the 

IL-6R in liver tissue was compensated by an increase of the AMR subunits Asgr1 and Asgr2 
mRNA, the latter only under native conditions (Fig. 6, E and F). This compensation led to 

excessive TPO mRNA levels in liver and plasma under native conditions and at different 

time points after PHx (Fig. 6G). However, the increase in TPO was not able to restore 

platelet counts 1 day after PHx compared to WT controls (Fig. 6A). This might be due to the 

dysregulation of platelet counts and enhanced platelet turnover under native conditions 
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reflected by an enhanced number of megakaryocytes in bone marrow and spleen (Fig. 6, L 

and M), enhanced platelet size and reduced desialylation of platelets leading to enhanced 

expression of AMR and TPO (Fig. 6, B–D). Taken together, this is the first evidence for an 

involvement of IL-6R signaling in TPO homeostasis and platelet count regulation in mice 

with reduced liver tissue under inflammatory conditions. The fact that loss of IL-6R is 

compensated by enhanced expression of Asgr1/2 provides the first evidence for a cross talk 

between the AMR and the IL-6R to regulate TPO levels and megakaryopoiesis in bone 

marrow and spleen. This conclusion is strengthened by enhanced IL-6R mRNA levels in the 

liver of ASGR2 knock-out mice (Supporting Fig. 5D). IL-6 is critically involved in 

hepatocyte proliferation and liver regeneration after PHx [44, 45]. To investigate if IL-6 is 

able to stimulate thrombopoiesis, we treated mice with recombinant hIL-6. Elevated TPO 

plasma levels and an enhanced number of MKs in the spleen of hIL-6 treated mice 24h after 

PHx gave a first indication that treatment with recombinant IL-6 induces thrombopoiesis 

after PHx. As recent studies revealed that IL-6 trans-signaling through the soluble IL-6/

IL-6R complex controls liver regeneration besides the classical IL-6 signaling [46], we used 

the recombinant fusion protein hIL-6 that consists of the sIL-6R and IL-6 that mimics IL-6 

trans-signaling [47]. In the study of Behnke et al it was already shown that administration of 

hIL 6 results in improved liver regeneration by Ki67 and phospho-H3 staining in liver tissue 

after PHx [48]. Taken together, it will be of great interest to investigate the effects of 

recombinant IL-6 on the restoration of platelet counts and megakaryopoiesis in further 

detail. Therefore, the analysis of different models of IL-6 signaling such as IL-6R knock-out, 

recombinant hyperIL-6 or GP130 transgenic mice could be helpful to shed light on the 

impact of IL-6 (trans-) signaling on thrombopoiesis after PHx or other inflammatory 

diseases that are accompanied by thrombocytopenia. Of note, we here used IL-6R deficient 

mice until 24 hours after PHx as of the high mortality rate in these mice due to the important 

role of the IL-6 signaling pathway after PHx.

In conclusion, our study identifies the AMR/IL-6R-STAT3-TPO signaling pathway as a 

highly efficient and acute phase response to liver injury, cytokine signaling and loss of liver 

tissue to restore platelet count and function. Thrombocytopenia and platelet activation 

defects induced by enhanced PGI2, NO and bile acid plasma levels are responsible for 

bleeding complications early after PHx that might also be causative for bleeding problems 

and high mortality in patients with liver disease.
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Abbreviations

TPO thrombopoietin

AMR ashwell-morell receptor

IL-6R interleukin-6 receptor

PHx partial hepatectomy

JAK2 januskinase 2

STAT3 signal transducer and activator 3

STAT5 signal transducer and activator 5

VASP vasodilator-stimulated phosphoprotein

PGI2 prostaglandin I2, prostacyclin

NO nitric oxide

CRP collagen-related peptide

U46619 thromboxane A2 analogue
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FIG 1. 
Reduced total blood cell count and platelet activation defects in thrombosis and hemostasis 1 

day after PHx. (A) Platelet count, (B) red blood cell count and (C) white blood cell count of 

C57Bl6/J mice undergoing partial hepatectomy. Sham operation served as control (n= 1d: 22 

sham, 30 PHx, 3d: 22 sham, 26 PHx; 7d: 16 sham, 20 PHx; 14d: 8 sham, 12 PHx). (D) 

Platelet size of PHx and sham animals measured via flow cytometry using the geometric 

mean of GPIb positive platelets. (n= 1d: 10 sham, 14 PHx, 3d/7d/14d: 6 sham, 8 PHx). (E) 

Calculated liver weight ratio (n= 5 sham, 8 PHx). (F) Expression of indicated glycoproteins 

on the surface of platelets measured via mean fluorescence intensity (MFI) in flow 

cytometric analysis (n= 11 sham + 18 PHx). (G) Activation of αIIbβ3 integrin on the 

platelet surface with indicated agonists (n= 6 sham, 9 PHx). (H) Externalization of the β3 

integrin subunit upon platelet stimulation (n= 6 sham, 8 PHx). (I) Externalization of P-
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selectin on the platelet surface with indicated agonists (n= 6 sham, 9 PHx). (J) Thrombus 

formation on a collagen matrix under arterial shear rates with representative pictures (1000s
−1 n = 6 sham, 5 PHx; 1700s−1 n= 5 sham, 9 PHx). (K) In vivo analysis of hemostatic 

dysfunction via tail bleeding time (n= 8 sham, 9 PHx) and the Fe3Cl induced injury of the 

carotid artery (n= 6 sham, 9 PHx). Depicted are mean values + s.e.m.; *P<0.05, **P<0.01, 

***P<0.001 using paired students t-test.
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FIG. 2. 
Platelet activation defects and reduced thrombus formation lead to bleeding complications 3 

days after PHx. (A) Expression of indicated glycoproteins on the surface of platelets 

measured via MFI in flow cytometric analysis (n= 13 sham, 18 PHx). (B) Externalization of 

P-selectin on the platelet surface with indicated agonists (n= 9 sham, 12 PHx). (C) 

Externalization of the β3 Integrin subunit upon platelet stimulation (n= 8 sham, 9 PHx). (D) 

Activation of αIIbβ3 integrin on the platelet surface with indicated agonists (n= 9 sham, 12 

PHx). (E) Thrombus formation on a collagen matrix under arterial shear rates with 

representative pictures (1000s−1 and 1700s−1 n= 3 sham, 4 PHx). (F) In vivo analysis of 

hemostatic dysfunction via tail bleeding time (n= 9 sham, 8 PHx). Depicted are mean values 

+ s.e.m.; *P<0.05, **P<0.01 using paired students t-test.
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FIG. 3. 
Platelet activation defects are provoked by enhanced plasma levels of nitric oxide, 

prostacyclin and bile acids. (A) PGI2 plasma levels (n= 1d: 6 sham, 6 PHx; 3d: 3 sham, 4 

PHx) and (B) indirect nitric oxide (NO) measurement via the plasma metabolites nitrite and 

nitrate 1 and 3 days after PHx (n= 1d: 4 sham, 4 PHx; 3d: 3 sham, 6 PHx). (C) 

Representative phosphorylation of vasodilator-stimulated phosphoprotein (VASP) at serine 

157 in platelets stimulated with 5 μM PGI2 (D) and densitometric analysis (n= 4 sham, 5 

PHx). (E) Representative phosphorylation of vasodilator-stimulated phosphoprotein (VASP) 

at serine 239 and (F) densitometric analysis (n= 5 sham + 4 PHx). (G) Total bile acid content 
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in the serum of murine platelets (n = 5 control animals (ctrl); 1d: 3 sham, 6 PHx; 3d: 3 sham, 

4 PHx; 7d: 3 sham, 3 PHx). (H) Thrombus formation under arterial shear rate (1700s−1). 

Whole blood samples were pre-treated with different bile acids (conc. = 50 μM) for 30 min. 

Indicated bile acids are dissolved in 0.01 % DMSO. Representative images are shown for 

each treatment (n =6 per group). Depicted are mean values + s.e.m. *P<0.05, **P<0.01 

using paired students t-test.
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FIG. 4. 
Efficiently restored TPO production is mediated via desialylated platelet uptake into the 

diseased liver by the AMR and JAK2 / STAT3 signaling. (A) AnnexinV-binding of GPIb 

positive platelets stimulated with CRP in regard to control group of each time point (n = 

1+3d: 8 sham + 9 PHx; 7+14 d: 4 sham, 4 PHx). (B) Analysis of platelets positive for 

binding of the RCA-1 lectin (RCA-1 = Ricinus communis agglutinin-1) at indicated time 

points (n= 4 sham, 5 PHx). (C) Thiazol orange staining for RNA-rich, young GPIb positive 

platelets measured via flow cytometry (n= 8 sham + PHx for 1d + 3d; 4 sham, 5 PHx for 
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7+14d). (D) Neuraminidase (Neu)-1 expression at the platelet surface of sham and PHx 

operated mice was determined after Botrocetin (Botro.) and anti-GPIbα treatment of 

platelets (n = 6). (E) Representative images showing staining of paraffin embedded liver 

tissue sections for GPIb positive platelets at indicated time points. Nucleus staining 

performed with DAPI. Merge with differential interference contrast (DIC) is shown (n =4). 

(F-I) Gene expression of different target genes was analyzed using the 2−ΔΔCt method (n= 

native animals 3; 0h: 4 animals; 3h-14d: 5–6 animals). (J) TPO level measured in plasma of 

mice with (K) calculated plasma TPO levels in regard to measured liver weight of the same 

animals (n = control 3; 1d = 6 sham, 7 PHx; 3/7/14d = 4 mice/group). (L) Representative 

immunoblots of total liver cell lysates using anti-pJAK2 and anti-JAK2 antibodies and anti-

pSTAT3 and anti-STAT3 monoclonal antibodies. GAPDH was used as loading control. (M 

and N) Densitometric analysis of pJAK2 and pSTAT3 with regard to loading control (n=4). 

Depicted are mean values + s.e.m.; *P<0.05, **P<0.01, ***P<0.001 using ordinary Two-
Way ANOVA with Bonferroni’s post-hoc test, D was analysed using Three-Way ANOVA 
with Bonferroni’s post-hoc test, F-I were analyzed using ordinary One-Way ANOVA with 
Dunnett’s post-hoc test.
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FIG. 5. 
Elevated megakaryopoiesis is responsible for moderate splenomegaly after PHx. (A) 

Calculated spleen weight ratio (n = 1d: 10 sham, 14 PHx; 3d: 9 sham, 9 PHx; 7d: 8 sham, 10 

PHx, 14d: 5 sham, 5 PHx) with (B) representative images of spleen tissue 7 days after 

operation. (C) Platelet sequestration in spleen sections of sham and PHx operated mice. A 

platelet specific marker (GPIX) was combined with DAPI staining to distinguish between 

red and withe pulp of the spleen. Total GPIX positive fluorescence area [IFGPIX/ μm2] of the 

red pulp of the spleen sections was determined with (D) representative IF staining of splenic 
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sequestration (n= 4). (E) Counted megakaryocytes in paraffin embedded spleen tissue (n = 5 

sham, 5 PHx) and (F) bone marrow of the femur (n= 4 sham, 4 PHx). (G) Representative 

images from the spleen tissue and (H) the bone marrow tissue of the HE-staining. 

Arrowheads indicate megakaryocytes. Depicted are mean values + s.e.m.; *P<0.05, 

**P<0.01 using ordinary Two-Way ANOVA with Bonferroni’s post-hoc test.
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FIG. 6. 
Elevated cytokine signaling controls TPO homeostasis in the remaining liver tissue via the 

IL-6R and STAT signaling in vivo. (A) Platelet count and (B) platelet size measured via 

geometric mean and (C) Thiazol orange staining of GPIb positive platelets of WT and IL-6R
−/− mice before and 24h after PHx ( n= native: 8 WT, 8 IL-6R−/−; PHx: 5 WT, 7 IL-6R−/−). 

(D) Analysis of platelets positive for binding of the RCA-1 lectin (n= native: 8 WT, 8 IL-6R
−/−; PHx: 5 WT, 7 IL-6R−/−). (E-G) Gene expression was analysed using the 2−ΔΔCt method 

(n= 4–5 WT/time point + 5 IL-6R−/−/time point). (H) Representative immunoblots of total 
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liver cell lysates using anti-pJAK2 + anti-JAK2 antibodies, anti-pSTAT5 + STAT5 and anti-

pSTAT3 + anti-STAT3 monoclonal antibodies. TPO polyclonal antibody was used with 

GAPDH as loading control (n= 5 for each group). (I) Densitometric analysis of the 

immunoblots for JAK2, STAT5 and STAT3 and their phospho-variant calculated with 

GAPDH as loading control. (J) Densitometric analysis of the immunoblots for TPO. (K) 

Serum concentration of TPO in WT and IL-6R −/− mice (n = 4 WT + 5 IL-6R−/−). (L) 

Counted megakaryocytes in paraffin embedded bone marrow of femur tissue (n = 4 WT, 4 

IL-6R−/−) and spleen tissue (n= 5 WT, 5 IL-6R−/−). (M) Representative images from bone 

marrow and spleen tissue of the HE-staining. Arrows indicate megakaryocytes. Depicted are 

mean values + s.e.m.; special characters indicate for difference between time points (#) or 

WT and IL-6R−/− (*); #,*P<0.05, ##,**P<0.01, ###,***P<0.001 using paired students t-test; 
multiple t-test’s with the Holm-Sidak method (E-G) or Two-Way ANOVA with Sidak’s post-
hoc (K and L).
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