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Background & Aims:
Hirmi Valley Liver Disease was first reported in 2001 in Tigray, Ethiopia. 591 cases, including 328 deaths, were reported up to December 2009. The pyrrolizidine alkaloid acetyllycopsamine was detected in stored grain and residents reported adding the pesticide DDT (dichlorodiphenyldichloroethylene) directly to their food stores. We aimed to characterise the clinical features of the disease, and explore the role of these chemicals in its aetiology.
Methods:
32 cases were examined and full clinical histories taken. Nine cases underwent liver biopsy in hospital. Serum and urine samples were collected from cases and controls. Urine was analysed for acetyllycopsamine by UPLC-MS. Total DDT in serum was measured by ELISA. Hepatotoxicity of DDT and acetyllycopsamine alone or in combination was explored in C57BL/6J mice. 
Results:
Clinical presentation included epigastric pain, abdominal swelling, bloody diarrhoea, hepatomegaly, splenomegaly and ascites. Histology revealed acute injury characterised by centrilobular necrosis or chronic injury with bile ductular proliferationreaction, cytomegaly and fibrosis but no hepatic vein occlusion. Acetyllycopsamine was detected in urine samples taken in the affected area with significantly greater concentrations in 45 cases than in 43 controls (p= 0.02). High levels of DDT (>125 ppb) were detected in 78% of serum samples. 
In mice, DDT (3 x 75 mg/kg) significantly increased the hepatotoxicity (plasma ALT, p= 0.0065) of acetyllycopsamine (750 mg/kg), and in combination induced liver pathology similar to Hirmi Valley Liver Disease including centrilobular necrosis and cytomegaly. 
Conclusions:
This novel form of disease appears to be caused by co-exposure to acetyllycopsamine and DDT. 
Introduction
Cases of an unidentified progressive liver disease were first reported in the village of Tseada Amba in the Tigray region of Northern Ethiopia in April 2001. It is characterised by epigastric pain and abdominal swelling and has a high fatality rate, particularly amongst children. Cattle, goats, and sheep belonging to households affected by the disease, show signs of diarrhoea, ascites and cachexia, reminiscent of the disease affecting people. 
The disease was initially confined to Tseada Amba but cases have since been reported in adjacent villages within the same kebelle (administrative district) of Kelakil and in the adjacent kebelle of Kiburto in 2005. These villages are located within the Hirmi Valley and we therefore refer to the disease as ‘Hirmi Valley liver disease (HVLD)’. However in 2008, cases were reported in the village of Mekeyho, which is around 30 west of the Hirmi Valley (see map, supplementary information). 591 cases, including 228 deaths, were reported in the region up to December 2009. Kelakil is still considered the epicentre of the outbreak, with 141 (62 % of total) deaths due to the disease and 254 reported (43 % of total) cases coming from this district (Personal communication, Dr. Gebre Ab Barnabas).
The affected areas are in a mountainous region at an average altitude of 1500m, where many villages are inaccessible by road. The climate is characterised by a prolonged dry season and a wet season between June and September, The residents of the affected villages are almost all subsistence farmers, who grow a small range of crops, and graze livestock on common lands. Medical services in this region are rudimentary. 
Investigations by the Ethiopian Health and Nutrition Research Institute (EHNRI) [1], Addis Ababa University [2]  and  Centres for Disease Control (CDC) [3] in 2006, suggested an environmental contaminant, such as the plant hepatotoxins pyrrolizidine alkaloids (PAs), as the causative agent but no definite aetiology was identified.  Serum analyses ruled out infectious diseases including hepatitis A, B, C, and E viruses, malaria and leishmaniasis. In 2007, an investigation by the Schistosomiasis Control Initiative (SCI) at Imperial College London concluded that schistosomiasis was not the cause of HVLD. Aflatoxin, which has caused similar outbreaks of liver disease in East Africa [4], was not detected at harmful levels in any of the grain samples collected in the region [5].
Concern had been raised that the water supply in Tseada Amba was contaminated with a toxin [1] and the residents were displaced to a new settlement built within Kelakil approximately seven miles to the East. Nevertheless new cases of the disease continued to occur among the displaced residents, who continued to get food from their farmlands in Tseada Amba
This paper presents research conducted in support of broader investigations into the outbreak. In this cross-sectional study conducted over three visits to the region, and we provides a full clinical description of the disease. Evidence is presented, includingand present a bio-monitoring analysis of clinical samples collected during the visits. andSubsequent toxicological work in the mouse is presented, which further supports of the role of co-exposure to the PA, acetyllycopsamine (AL) and the pesticide DDT (dichlorodiphenyltrichloroethane), widely used in the local area, in its aetiology.
Methods
Clinics and sampling
Over three separate visits to the region from June 2008 to December 2009, special clinics were held where we interviewed and examined HVLD cases and controls from Kelakil, Kiburto and Mekeyho and collected biological samples. During a visit to the largely abandoned village of Tseada Amba, samples of grains, millet and teff, were collected opportunistically from stores in six vacated houses belonging to affected villagers.
Ethical permission was provided by the Minister of Health for Ethiopia and by the Tigray Health Bureau as part of the outbreak investigation. Informed consent was obtained from subjects or their parents by local health workers.
Subjects who met the diagnostic criteria, gave informed consent and had no contraindications for liver biopsy were taken to local hospitals for liver biopsies to be taken. Laboratory evaluation, including full blood counts, prothrombin time and liver function tests were performed on all cases selected for biopsy at the same hospital. Biopsies were performed with the Menghini technique using ultrasound guidance. In two cases who were under the age of 12, biopsies were performed under general anaesthetic and in the others local anaesthetic was used. Biopsy specimens were stored in 10% formaldehyde and transported to St. Mary’s Hospital London for histological examination. 
Serum and urine samples were collected from cases (subjects meeting pre-defined criteria) and controls (healthy individuals from the affected villages), frozen and transported on icepacks to Imperial College London for analysis. The following case definition, previously developed by the CDC, in conjunction with the World Health Organization and the Tigray Health Bureau, was used: abdominal distension, hepatomegaly or splenomegaly on clinical examination and either abdominal pain for at least two weeks or another household member with similar symptoms. For the urinary analysis, controls were further classed as a household control (if they reported sharing a household with someone suffering from HVLD-like disease) or as a village control (if they reported living in a household free from HVLD-like disease).
Grain analysis
Grain samples were transported to the Pharmaceutical Institute of the University of Bonn, Germany for PA analysis. A description of this analysis has been reported elsewhere [6].
Serum Analysis
Serum samples were analysed by standard clinical chemistry tests for liver and renal function. An enzymatic assay using 3-alpha hydroxysteroid dehydrogenase was used to measure total serum bile acids. A commercially available ELISA kit (Abraxis, USA) was used to measure serum levels of total DDT (including its isomeric forms and metabolites DDE and DDD), following the manufacturers protocol. The sample absorbance was read at 450 nm using a SpectraMax 340PC384 Absorbance Microplate Reader (Molecular Devices Inc., USA).
Urine Analysis
Urine samples were analysed by ultra performance liquid chromatography (UPLC) (UPLC Acquity, Waters Ltd., Elstree, UK) coupled to an LCT Premier mass spectrometer (Waters MS Technologies, Ltd., Manchester, UK) in positive electrospray mode, following a standard urinary protocol [7].  The PA acetyl-lycopsamine (AL) was detected by use of a reference standard prepared from a racemic mixture of AL and its isomer (Planta Analytica, USA). Urine samples were centrifuged to remove particulates and diluted 1:1 with HPLC grade water.  Samples (5 µL) were injected onto a 2.1 × 100 mm (1.7 µm) HSS T3 Acquity column (Waters Corp., Milford, MA) and eluted using a 12 min gradient of 100% A to 100% B (A, HPLC grade water, 0.1% formic acid (Sigma, UK); B, acetonitrile (Sigma, UK), 0.1% formic acid), with the last 2 min as column re-equilibration. Capillary voltage was 3.0 kV, sample cone was 30 V, desolvation temperature 350 °C, source temperature 120 °C, and desolvation gas flow 800 L/h. 10 injections of the quality control (QC) sample (prepared from equal parts of each urine sample analysed) were injected at the beginning of the analysis to condition the system, and subsequently the same QC sample was run every 10 samples to assess instrument stability. Chromatograms were created using the MassLynx ver. 4.1 software (Waters, USA). The XCMS package [8] in the ‘R’ statistical software (ver. 2.11, http://www.r-project.org/) was used to identify metabolite signals in each sample as retention time (RT) -m/z pairs along with their relative ion intensities (giving a semi-quantitative relative measure of compound concentration), which were normalised by dividing by the sum of all peak intensities for each sample and multiplying by 106. 
[bookmark: _GoBack]Hepatotoxicity  of AL and DDT in the mouse.
All work with mice was approved by UK Home Office and was carried out in accordance with the Animal (Scientific Procedures) Act. C57BL/6J male mice aged 8-10 weeks (Harlan, UK), were kept under controlled conditions with free access to water and a standard commercial diet (‘RM1 diet’, SDS diets, UK). In initial experiments, mice were exposed to AL (Planta Analytica, USA, dissolved in phosphate buffered saline, PBS) at doses of 100 -1500 mg/kg and sacrificed 24 hours later. 
Subsequently, the effects of prior exposure to p,p´-DDT (Sigma-Aldrich, UK, dissolved in olive oil) on AL toxicity was determined.  Four groups of 10 mice were exposed to a week of pre-dosing with three doses of either 75 mg/kg p,p’-DDT or oil vehicle, followed by either a single dose of 750 mg/kg AL or PBS vehicle, 24 hours later. Blood and liver samples were collected on sacrifice 24 hours later.
RNA was extracted from the livers samples using an RNeasy Mini kit (Qiagen, USA) and cDNA synthesised using the RETROscript kit (Ambion, USA).The relative gene expression of cyp3a11, selected as it is the mouse homologue of cyp3a4, which primarily mediates PA metabolism in human liver microsomes [9], was then determined using TaqMan Gene Expression Assays (Applied Biosystems, USA). FAM-labelled assays specific for cyp3aA11 (catalogue number: Mm00731567_m1) and gapdh (endogenous control) were used in separate simplex reactions. rtPCR was performed on an Applied Biosystems 7500 Fast Real-time PCR System, using standard speed thermal cycling. Three technical replicates were performed for each sample and 6 negative controls were run for each assay. cyp3a11 expression data were normalised to gapdh expression using the Comparative ΔΔCT method [10] to determine the difference in expression between the DDT treated group relative to control animals. 
Histopathological Analysis
Patient biopsy and mouse liver specimens were processed to paraffin wax and 5 m sections cut and stained with haematoxylin and eosin (H&E), Gordon and Sweet's reticulin, Sirius red, Van Giesen, Chromotrope aniline blue, Perl's, Diastase-Periodic Schiff and Orcein stains.
Statistical analysis
Statistical analysis was conducted using STATA ver. 10.1 (Stata Corp., USA). Wilcoxon rank sum tests were used for pair-wise comparisons of continuous variables between groups. To determine the significance of the trend  in relative AL concentration in human urine samples across all three samples classes , an extension of the Kruskal-Wallis test was used , with samples ordered cases =1, household controls =2, village controls =3

Results
Clinical presentation
Thirty-two cases were considered (F/M: 6/26); the median age was 18 years (range= 4-64 years) and 15 cases (F/M: 2/13) were younger than 18 years old. Of the 32 cases examined, six were female (19%) and 26 (81%) were male. 15 cases (45%) were younger than 18 years old and the median age was 18 years old.  The reported duration of illness ranged from 1 week to 6 years with a median duration of 1 year. 74% of cases reported that other family members were also affected by the disease (other information are provided in table 1). 
The majority of cases with the disease reported epigastric pain as their initial symptom. In some cases this was accompanied by abdominal swelling, epistaxis or bloody diarrhoea. In most cases abdominal swelling was reported to occur either simultaneously with the epigastric pain or within a few days or months of the initial symptoms. Cases lacked stigmata of chronic liver disease such as spider naevi, palmar erythema and gynaecomastia. Clinical examination of 32 cases, revealed hepatomegaly of up to 5cm (palpable below the costal margin) in 66% of cases and splenomegaly of up to 15cm (palpable below the costal margin) in 66% of cases. Ascites, detected by physical examination, was present in 38% of cases. 13% of cases had gross ascites which impaired their ability to conduct their daily activities (table 1). 
Clinical Chemistry
27 case samples and 11 control serum samples were analysed by clinical chemistry. The median levels of liver enzymes AST, ALT, ALP and GGT, and bilirubin were all higher among cases (figure 1). The median serum levels of creatinine and albumin were lower among cases while median levels of globulin and urea were similar among cases compared to controls.  
22 (81%) cases had elevated levels of AST (maximum 2.5 x the upper limit of normal of the laboratory reference range (ULN)) and 7 (26%) cases had elevated levels of ALT (max. 2 x ULN). The mean AST/ALT ratio was 2.29 among cases and 1.71 in controls. 25 (93%) cases had elevated levels of GGT (mean 3.39 x ULN, max.10.60 x ULN) and 22 (81%) cases had elevated levels of ALP (mean 1.95 x ULN). However, many of the cases were children who may be expected to have elevated levels of ALP (up to 400 U/L) compared to adult ranges as a normal part of growth, and all children in the control group had elevated ALP. The highest level of ALP among adult cases was approximately 3 times the ULN. 22 (81%) cases had both elevated ALP and GGT, 19 (70%) cases had elevated GGT, ALP and AST and 7 (26%) cases had elevated levels of all four liver enzymes. 
17 (63%) cases had lowered levels of creatinine, likely to reflect the observed cachexia among subjects, although one case (4%) had elevated creatinine. Eight cases had levels of bilirubin above the ULN. 16 (59%) cases had levels of albumin below the lower reference limit. Four out of five case samples analysed had elevated levels of bile acids, ranging from 1.3 to 2.2 times the ULN.
Histopathology
Limited ultrasonography, performed on a subset of cases selected for biopsy procedure, showed increased echogenicity of the liver and no evidence of biliary dilation or focal liver lesions. 
Nine liver biopsy specimens were collected. These showed varying degrees of portal fibrosis from none in one specimen, through generalised fibrous portal expansion (Ishak stage 2/6) in two cases (Figure 2f), to developing cirrhosis with focal nodule formation (Ishak 5/6) in four cases and finally to cirrhosis with widespread nodule formation (Ishak 6/6) in one case. Pericellular fibrosis was not a feature.
Marked inflammatory changes were seen in the biopsies of the two cases with most recent onset of symptoms but in patients with more prolonged durations of disease inflammatory changes were not conspicuous. The most striking histological abnormalities were seen in the youngest patient, who had been ill for only four months. His biopsy showed extensive zone 3 necrosis of the perivenular hepatocytes surrounded by an inflammatory infiltrate (figure 2a).  
The clinical differential diagnosis had included veno-occlusive disease but all central veins were patent in every specimen. In addition there was no evidence of venous outflow obstruction (Figure 2d). All the biopsies showed mild portal and lobular inflammation. Five specimens also contained scanty schistosome eggs associated with granuloma formation and an eosiniophil rich inflammatory infiltrate. Brown pigmentation was present in the portal tract in three of these specimens. However, the pattern of fibrosis, where present, was not that typically seen in schistosomiasis.  There was no significant fatty change and stains for iron and alpha-1-antitrypsin bodies were negative.  Three of the biopsies contained foci of swollen hepatocytes (cytomegaly) and in one of these this was associated with prominent lipofuschin accumulation (Fig 2b).  No Mallory-Denk bodies were seen and there was no ballooning of hepatocytes. No dysplasia was present. 
Aside from the fibrosis, the most striking changes were seen in the bile ducts. Although there was no bile duct loss there was widespread bile ductular proliferation reaction at the parenchymal interface (Fig 2c) and this was confirmed on cytokeratin 7 staining.  This was associated with marked copper associated protein accumulation (a surrogate marker for copper retention) in periportal hepatocytes in all of the cases (Fig 2e) even in those with normal bile ducts or only mild architectural distortion. 
Phytochemical analysis of the grain samples
PAs, identified as AL (main alkaloid), lycopsamine and intermedine, were detected and quantified in 3/6 grain samples [6]. In the largest millet sample collected, 0.48 µg/g of PA was detected which is at a level that poses a toxic risk [11]. 
AL Urinary Analysis
UPLC-MS urinary data were acquired from 45 HVLD case samples, 25 household control samples and 18 village control samples and the AL reference standard. AL eluted at approximately 3.9 mins, with a dominant ion [M+H]+, at 342.19 m/z, which corresponds to the calculated monoisotopic mass of 341.18. AL was detectable in the majority of urine samples. The median relative AL concentration (RT-m/z ion intensity) was significantly greater among HVLD patients than village controls (p=0.006) or all controls combined (p=0.02) (figure 3). No significant difference was found between HVLD cases and household controls (p=0.33). A significant trend (p=0.007) was observed with the greatest median intensity among HLVD cases, which was higher than among household controls, which in turn were higher than among village controls (figure 3). 
Toxic effects of AL in the mouse
AL induced liver inflammation, detectable as significantly greater serum ALT scores than controls, at doses greater than 750 mg/kg (figure 4b). Significant histopathological damage was observed at the highest dose tested of 1500 mg/kg and was characterised by necrosis of the zone 3 region, sometimes extending into zone 2, of the liver lobule (figure 4f).
Serum total DDT levels
The relatively low toxicity of AL and the unusual liver pathology of HVLD patients, atypical of the previously observed effects of PAs in Man, led us to hypothesise that an additional factor was involved in the pathogenesis of the disease. Residents of the affected areas reported adding DDT, directly to stores of food grain to prevent storage pests. DDT and its metabolites are potent inducers of hepatic enzymes CYP3A and CYP2B [12] that are responsible for the metabolic activation of PA toxicity  [13]. 
Analysis of 26 case and 14 control serum samples showed high total DDT concentrations, which were above the upper detection limit of 125 ppb in 31 (78%) samples. The lowest concentration of total DDT measured was 50 ppb in a case sample and 40 ppb in a control sample. Comparison of plate absorbance data indicated that the median concentration among 14 samples from residents originally from Tseada Amba was significantly greater (p = 0.04) than the concentration among 26 samples collected from Kiburto and Mekeyho.
Effects of DDT and AL exposure in the mouse
Real time-PCR analysis demonstrated a mean 2.34 fold increase in cyp3a11 expression among p,p´-DDT treated mice compared to control mice (p= 0.0002) (figure 4a). Pre-exposure to p,p´-DDT significantly increased the hepatotoxicity of AL. Mice dosed with both p,p´-DDT and AL had greater (p= 0.0065) plasma ALT levels (Mean = 469.8 U/L, S.E. = 205.2) compared to mice that received the same dose of AL, without pre-dosing with p,p´-DDT (Mean = 84.7 U/L, S.E. = 15.9) (figure 4b).  Plasma ALT concentrations in the p,p´-DDT–only dosed group (Mean = 48.7 U/L, S.E. = 16.9) were not significantly different from the control group, despite one mouse in the p,p´-DDT- only dosed group having raised aminotransferase values. This mouse also had the highest levels of cyp3A11 expression, suggesting that the hepatotoxic properties of p,p´-DDT are related to its enzyme induction capabilities
Significant histopathological damage was only observed in the livers of mice dosed with both p,p´-DDT and AL, with confluent zone 3 necrosis observed in three mice (figure 4e), identical in pattern to that observed among human liver specimens with recent evidence of injury, and swollen hepatocytes in the zone 3 (figure 4d) region observed in three other mice in this group. No liver damage could be observed in livers from the control group and from all but two livers in the p,p´-DDT–only treated group. In two of the p,p´-DDT-only treated livers there was focal lobular inflammation, with focal necrosis in one of these livers and granuloma observable in the other. All livers in the AL-only treated group appeared normal, except for one liver where swollen hepatocytes could be observed in the zone 1 region. 
 
Discussion
HVLD has exerted a devastating impact on the population of the Hirmi Valley. The disease appears to progress more rapidly in children under the age of 12 with several cases who presented with typical features of the disease who died within a few weeks or months of their initial symptoms. On the other hand we encountered adults in whom the disease appears to have persisted for several years. In this resource limited environment it is impossible to be certain that all cases presenting with typical features are affected by the same disease but earlier investigations as well as those documented in this study effectively exclude the possibility of common liver diseases such as viral hepatitis and schistosomiasis.
The detection of clinically significant quantities of PAs, particularly AL, in food and in the urine of subjects from the Hirmi Valley implicates these chemicals as the potential cause of HVLD. The characteristic liver injury associated with PA ingestion is veno-occlusive disease (VOD) as seen in bush tea disease [14]. Although one case of VOD was identified in Tseada Amba [15] none of the cases investigated in this study had histological evidence of VOD. Relative to the PAs linked to bush tea disease, AL is considered to be a mild hepatotoxin as confirmed by our mouse experiments. However, when the administration of AL to the mice was combined with ingestion of DDT the toxicity of AL was markedly increased both biochemically and histologically. The combined effect of the two toxins in the mouse reproduced the pattern of histological injury observed in HVLD cases with a more acute history. DDT was found in the serum of subjects from the Hirmi Valley at unprecedented levels leading us to conclude that the likely cause of HVLD is the induction of cytochrome P450 enzymes by DDT leading to increased toxicity of AL. 
In the histological assessment of chronic HVLD cases centrilobular necrosis is not a prominent feature but peri-central cytomegaly and lipofuscin accumulation suggests that this process has probably occurred. Chronic cases generally had extensive fibrosis with many having cirrhosis. These findings were associated with bile ductular proliferation reaction which, in the absence of biliary injury, represents a regenerative response of hepatic stem cells to replace lost hepatocytes. The histological features of HVLD closely resemble those of mice treated with the PA retrorsine which is a conventional model for hepatic regeneration studies [16]. 
The biochemical abnormalities in HVLD were not particularly dramatic. Many patients had raised transaminases as well as raised alkaline phosphatase suggesting a mixed picture of hepatotoxicity. However, as most of the cases we examined had a prolonged disease history and either clinical or histological evidence of advanced liver fibrosis the raised alkaline phosphatase could be attributed to cirrhosis rather than the pattern of toxicity. AST levels were generally higher than ALT levels. Although AST may also originate from skeletal or cardiac muscle there was no clinical evidence of pathology in either system.  A high AST: ALT ratio is also seen in metabolic liver disease and in more advanced liver fibrosis where ALT levels tend to fall. It was observed that creatinine levels were significantly lower in cases than in controls, which was thought to be due to loss of muscle mass which was frequently observed in cases. 
EHNRI were the first to report the abundance of the invasive weed Ageratum conyzoides in the farmland of affected villages [1]. The plant is known to produce PAs of the lycopsamine type [17]  and has been suspected of poisoning cattle in Indonesia [18]. Furthermore, Indonesian specimens of A. conyzoides induced liver changes including necrosis, swollen hepatocytes and bile ductular reactionproliferation in the rat following a six-week feeding trial [19]. We chose to concentrate toxicological work on AL since little was known about its toxicity and it was present in grain in the greatest quantities. Lycopsamine and intermedine are reported to have similar toxicities to AL, with acute death occuring in rats at doses above 1500 mg/kg [20]. Lycopsamine-type PAs have also been detected in grain samples collected from households in Kiburto [5]. 
A. conyzoides is ubiquitous in Tigray but the use of DDT was very limited. Ideally the plant should be eliminated but practical considerations limit the feasibility of this strategy. DDT availability has substantially declined since the Ethiopian Ministry of Health banned its use in 2009. It may be instructive, that since 2010, only two further deaths have been attributed to HVLD.
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Figure 1: Comparison of distribution of serum concentration of several biochemical clinical indicators between cases and controls. Heavy black bar = median, box= interquartile range, whiskers =  upper and lower values within 1.5 box lengths of the quartile values, dots= outliers

Figure 2: Patient Histology. A) Zone 3 necrosis and central vein. H and E, x 200; B) Foci of swollen hepatocytes (arrowed) associated with prominent lipofuschin accumulation. H and E, x 400; C) Widespread bile ductular proliferation at the parenchymal interface (white arrows) but no bile duct loss (black arrows). H and E, x 100; D) Patent central vein. Chromotrope aniline blue, x 100; E) Marked copper associated protein accumulation in periportal hepatocytes (arrowed). Orcein, x 400; F) Bridging fibrosis with portal – central bridging. Chromotrope aniline blue, x 100

Figure 3: Acetyllycopsamine (AL) relative concentration in urine. Heavy black bar = median, box= interquartile range, whiskers = upper and lower values within 1.5 box lengths of the quartile values, dots= outliers. A.U. = arbitrary units. Left: N of cases= 45, N of controls= 42, N of Quality Control (QC) replicates = 8; Right: N of cases= 45, N of controls= 25, N of village controls = 17. 

Figure 4. Toxicological testing in mice. A) Mean fold change in cyp3a11 expression in DDT treated group compared to control group; B) Mean plasma ALT activity in controls, DDT treated, AL treated and co-treatment of DDT and AL groups at 24h post-treatment. Errors bars show standard error; C-F) Mouse liver histology. Stained by H & E. C) Normal liver, 24 hours after DDT only treatment. x100; D) Swollen hepatocytes, 24 hours after  DDT and AL (750 mg/kg) treatment. x 200; E) Zone 3 necrosis, 24 hours after DDT and AL (750 mg/kg) treatment. x100; F) Zone 3 necrosis, 24 hours after 1500 mg/kg AL treatment. x 100. 

Supplementary Figure 1: Map of affected villages. Bottom left: Ethiopia; Middle left: Tigray; Top left: Western Tigray Zone; Main Map: Affected villages. 
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